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ABSTRACT
Weyl topological superconductivity (TSC) is an exotic superconducting state featuring topologically 
protected point gap nodes and Bogoliubov–Majorana Fermi arcs. However, its realization remains 
rare, often requiring complicated band structures or fine-tuned spin–orbit coupling. Here, we propose 
a universal and robust mechanism to generate Weyl TSC relying solely on 3D cubic lattice symmetry 
under repulsive electron–electron interaction. Standard group theory combined with 

Ginzburg–Landau analysis reveals that generalizing the dx2 −y2 -wave pairing in the 2D square lattice, 
typically driven by repulsive interactions, to a 3 dimensional (3D) cubic lattice naturally yields a chiral 
d3 z2 −r2 + idx2 −y2 state. Unlike other time-reversal symmetry breaking pairings such as px + ipy (for 
example, 3 He-A) and dx2 −y2 + idxy under planar hexagonal symmetry, Cooper pairs with such a 
symmetry do not possess a net orbital angular momentum (OAM). Instead, they develop an octupolar 
Oxyz component of OAM, which results in eight nodal points along the body diagonal directions, 
exhibiting an alternating distribution of monopole charges ±1 . This naturally constitutes an octupolar 
Weyl TSC with non-trivial topology. Employing the single-orbital cubic Hubbard model as a 
prototype, we utilize a weak-coupling approach within the random-phase approximation, along with a 
strong-coupling analysis based on slave-boson mean-field theory and variational Monte Carlo 
simulations. Our numerical results consistently confirm the emergence of the d + id Weyl TSC, 
highlighting the universality of this interaction-driven symmetry-protected mechanism. This finding 
simplifies the search for Weyl TSC, suggesting potential realization in cubic-lattice correlated 
superconductors and in cold-atom quantum simulation of the 3D Hubbard model upon suppression of 
its Néel antiferromagnetic phase. 

Keywords: topological superconductivity, Weyl superconductivity, unconventional superconductor, 
strongly correlated systems 
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alization of Weyl TSC is exceptionally rare and 
presents formidable experimental challenges, pri- 
marily relying on the presence of complicated 
band structures and the precisely tuned, yet typ- 
ically weak, relativistic single-particle effect of 
spin–orbit coupling (SOC) [34 ,35 ]. Here, we pro- 
pose a universal and viable pathway to realize the 
Weyl TSC, which relies only on the cubic lattice 
symmetry under repulsive interactions. 

Understanding unconventional superconduc- 
tivity (SC) that emerges from many-body interac- 
tions is a central and persistent challenge in con- 
densed matter physics. The emergence of such an 

interaction-driven superconducting state is fun- 
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NTRODUCTION 

he search for topological superconductivity
TSC) has attracted sustained interest, notably
ue to its potential to host Majorana fermions,
hich are crucial for fault-tolerant topological
uantum computation [1 –3 ]. Much of the fo-
us has been on fully gapped TSCs [4 –8 ], such
s the p-wave Kitaev chain [9 ] and 2 dimen-
ional (2D) chiral superconductors [10 –16 ]. In 3
imensional (3D) superconductors, there exists a
articular type of TSC, the Weyl TSC [17 –31 ],
hich is a superconducting analogue to the Weyl

emimetal [32 ,33 ] exhibiting point gap nodes and

urface Bogoliubov–Majorana Fermi arcs. The re- 

d by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided 
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Figure 1. Cubic pairing gap function. (a) Gap functions 
�x , �y , and �z along three axes in the 3D cubic lattice. 
(b) A phase difference of 120◦ among the three pair- 
ing gaps represented in the complex plane. The pairing 
phases of 1, ei 2 π/ 3 , and ei 4 π/ 3 correspond to the gaps �x , 
�y , and �z , respectively. 
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amentally linked to the mechanism of high- Tc SC
n the cuprates [36 –41 ]. In the well-studied 2D
quare-lattice repulsive-interaction models such
s the Hubbard or its descendant t −J model [42 –
6 ], antiferromagnetic (AFM) spin fluctuations
sually drive dx2 −y2 -wave pairing in which the
igns of the order parameter along the x- and y-
xes are opposite. Recently, quantum simulation
f the Hubbard model [46 –48 ] has been success-
ully extended to 3D optical lattices [49 –51 ], lead-
ng to the observation of the AFM order [52 ] con-
istent with numerical simulations [53 –58 ]. It is
herefore crucial to explore the nature of the SC
riven by AFM spin fluctuations upon suppress-
ng the long-range AFM order [59 –61 ]. 

While a direct extension of the sign structure
f the order parameter from the 2D square-lattice
x2 −y2 -wave pairing to a 3D cubic lattice inevitably
ncounters geometric frustration, a fundamental
uestion arises: What is the appropriate extension
f the 2D dx2 −y2 -wave SC to 3D? Our analysis re-
eals that the answer lies in the chiral d + id pair-
ng state, formed by a 1: i superposition of Eg com-
onents. This chiral d + id pairing resolves the
nherent frustration by establishing a 120◦ phase
ifference among the x-, y-, and z-axes. It hosts
opological point nodes, realizing a Weyl TSC.
urthermore, we demonstrate the robustness of
his state by showing that it dominates in both the
eak-coupling and strong-coupling regimes. 
In this article, we systematically explore the

ature of the pairing driven by repulsive inter-
ctions under 3D cubic symmetry. Pairing sym-
etry classification based on the irreducible rep-

esentation (IRRP) of the Oh point group, com-
ined with a universal Ginzburg–Landau (G-L)
nalysis, indicates that the most natural repulsive-
nteraction-driven SC on a 3D cubic lattice is the
3 z2 −r2 + idx2 −y2 SC belonging to the Eg IRRP.
his 3D d + id state exhibits point nodes and chi-
ality, leading to the Weyl TSC. Taking the plain
ubbard model on the 3D cubic lattice as a proto-

ype, we employ a weak-coupling analysis within
he random-phase approximation (RPA), along-
ide a strong-coupling approach based on slave-
oson mean-field theory (SBMFT) and variational
onte Carlo (VMC) simulations. 
Our numerical data consistently show that the

oubly-degenerate Eg pairing is dominant at low
nd intermediate doping levels. Numerical calcu-
ations further show that the d + id complex gap
unction with the octupolar Oxyz component of or-
ital angular momentum (OAM) is energetically
avored. The resulting quasiparticle spectrum ex-
ibits eight point nodes in the bulk, with an al-
ernating pattern of monopole charges ±1 , real-
Page 2 of 10
izing an octupolar Weyl TSC with topologically 
protected Fermi arcs. Our results apply to gen- 
eral systems with cubic symmetry under repulsive 
interactions. It opens the door to studying exotic 
quantum states in 3D driven by electron–electron 

interactions. 

RESULTS 

General symmetry-based analysis 
In 2D square lattices, AFM fluctuations usually 
drive the dx2 −y2 -wave SC [42 –44 ], whose pairing 
order parameter changes its sign between the x
and y directions. However, directly extending this 
simple sign-alternating structure to a 3D cubic lat- 
tice immediately introduces a phase frustration. 
Specifically, it becomes impossible to simultane- 
ously assign mutually opposite signs to the order 
parameter along all three directions, as illustrated 
in Fig. 1 (a). Analogous to the frustrated magnetic 
order observed in triangular lattices, such frus- 
tration naturally leads to the possibility that the 
pairing phases along the three directions differ 
by 120◦ from each other, as shown schematically 
in Fig. 1 (b). This leads to the emergence of the
d + id-wave SC, representing the natural gener- 
alization of the 2D dx2 −y2 -wave SC to the 3D cubic 
lattice. In the following, we will theoretically and 
numerically verify this simple, yet powerful, sym- 
metry argument. 

The pairing symmetries on the cubic lattice 
are classified according to the IRRPs of the Oh 

group [62 –64 ] (see Section A of Supplemental
Material (SM) for details). In particular, the d- 
wave channels on the 3D cubic lattice contain the 
2-fold degenerate Eg and the 3-fold degenerate 
T2 g IRRPs. The Eg IRRP, spanned by the doubly- 
degenerate d3 z2 −r2 and dx2 −y2 basis functions, rep- 
resents the 3D extension of the B1 g -IRRP corre- 
sponding to the dx2 −y2 -wave pairing in 2D. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag326#supplementary-data
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Table 1. Characteristic properties of the chiral d + id
and nematic d-states belonging to the Eg representation 
on a 3D cubic lattice. 

Pairing d3 z2 −r2 ± idx2 −y2 d3 z2 −r2 or dx2 −y2 

Condition β2 < 0 β2 > 0 
TRS Broken Preserved 
Residual symmetry C3 under gauge 

equivalence 
orthorhombic 

(nematic) 
Nodal structure 8 points line-like 
N (E ) ∝ E2 ∝ | E| 
The Ginzburg–Landau parameter β2 governs the ground state. The C3 

rotation is defined around any of the body diagonal lines. N (E ) repre- 
sents the low-energy quasiparticle density of states. 
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The degenerate pairings belonging to a given
RRP will be mixed below the critical tempera-
ure Tc to lower the G-L free-energy F . Based on
he above symmetry arguments, we consider the
ap functions �1 , 2 representing the d3 z2 −r2 and
x2 −y2 channels of the Eg IRRP, respectively. Up to
he quartic order, the only U (1) ⊗ Oh symmetry-
llowed expression for F takes the following
orm [64 ,65 ]: 

F = α
(| �1 |2 + | �2 |2 

) + β1 
(| �1 |2 + | �2 |2 

)2 

+ β2 
∣∣�∗

1 �2 − �∗
2 �1 

∣∣2 , (1)

here α < 0 to stabilize the SC state, and β1 > 0
s required by thermodynamic stability. The rel-
tive phase between �1 and �2 is determined by
he sign of β2 . 

For β2 < 0 , F is minimized when �1 , 2 exhibit
qual magnitudes and a relative phase difference
f ±π

2 , that is, 

� � = (�1 , �2 ) = �(1 , ±i) . (2)

his pairing symmetry is denoted as d3 z2 −r2 ±
dx2 −y2 (hereafter abbreviated as d + id), exhibit-
ng time-reversal symmetry breaking (TRSB).

hile the amplitude of this d + id complex pair-
ng remains invariant under all operations of the
ubic point group Oh , its phase transforms non-
rivially under the C3 rotation of the cubic lattice.
pecifically, a 120◦ rotation about the body di-
gonal (for example, x → y → z) induces a 240◦

hift in the superconducting phase. This leads to a
20◦ phase difference between the pairings along
he three directions ( x, y, z), a feature consistent
ith Fig. 1 (b). This C3 phase transformation de-

ermines that the superconducting order parame-
er must vanish along the four equivalent body di-
gonal axes, thereby creating a total of 8 gap nodes
specifically, two point nodes along each axis) on
he Fermi surface [23 ,63 ]. 

The 3D complex d + id state is inherently
opological, a feature evidenced by the non-
rivial phase winding around the body diago-
al. This characteristic is analogous to the well-
stablished phase winding around the z-axis per-
endicular to the plane in the 2D chiral dx2 −y2 +
dxy TSC on the triangular or hexagonal lat-
ice [11 –16 ,64 ], implying its topological nature.
nlike the fully gapped 2D dx2 −y2 + idxy state,

he 3D d + id state obtained here generally hosts
oint nodes, as analyzed below. The condition
or gap closing of the Bogoliubov spectrum,
(k ) =

√ 

ε2 (k ) + | �(k ) |2 , requires the simulta-
eous vanishing of the bare electronic spectrum
Page 3 of 10
ε(k ) = 0 (defining the Fermi surface) and the
complex gap function �(k ) = 0 . The latter im-
poses two constraints, stemming from the real 
and imaginary parts of the complex order pa- 
rameter. In 2D momentum space, with only two 
free parameters (kx , ky ) , satisfying these three 
independent conditions simultaneously is gener- 
ally impossible, hence the system remains fully 
gapped [11 –13 ,64 ]. In sharp contrast, the 3D com-
plex d + id state offers three momentum degrees 
of freedom, (kx , ky , kz ) . This naturally allows the
three conditions to be satisfied at isolated points 
in momentum space, leading to the formation 

of point nodes in the Bogoliubov spectrum. The 
presence of point nodes combined with the non- 
trivial topology leads to the Weyl TSC. 

Conversely, if the coupling parameter β2 > 0 , 
the free-energy F favors a state where (�1 , �2 ) 
share the same phase, and their magnitudes are 
determined by higher-order terms in the free en- 
ergy, leading to a purely (1, 0) or (0, 1) configura-
tion. This is an example of nematic pairing sym- 
metry, hereafter denoted as the d + d state, which 

spontaneously breaks the system’s full Oh symme- 
try. Crucially, the d + d state breaks the C3 rota- 
tional symmetry about the body diagonal, provid- 
ing a unique experimental signature that distin- 
guishes it from the d + id state. For this real ne-
matic d + d state, the gap of the Bogoliubov spec-
trum closes when both the bare electronic spec- 
trum ε(k ) and the gap function �(k ) vanish si-
multaneously. Thus, in the 3D nematic state, the 
three momentum degrees of freedom allow these 
two constraints to be satisfied along continuous 
curves on the Fermi surface, resulting in the pres- 
ence of line nodes. 

The conditions and physical properties of the 
d + id and d + d pairing states are summarized 
and compared in Table 1 . The distinct nodal struc-
tures of these two states give rise to different low-
energy Bogoliubov quasiparticle density of states 
(DOS) behaviors. The 8 point nodes of the 3D 
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 + id state lead to a quadratic energy dependence,
 (E ) ∝ E2 . In contrast, the line nodes of the ne-
atic d + d state result in a linear dependence,
 (E ) ∝ E . These distinct quasiparticle excitation
pectra provide direct and observable signatures
hat can be readily distinguished in future thermo-
ynamic and spectroscopic measurements, such as
pecific heat and Knight shift, etc. See more details
f the G-L analysis in Section A of SM. 
While evaluating the G-L parameter β2 mi-

roscopically is generally complex, weak-coupling
heory typically favors the d + id pairing. The
agnitude of the gap function for this state pre-

erves the full cubic symmetry of Oh , exhibiting
odal points on the Fermi surface. In contrast, the
 + d pairing exhibits an anisotropic gap function
ith nodal lines. Hence, the amplitude distribu-

ion of the d + id state is more uniform. Since the
ean-field free energy is a convex function of the
ap amplitude, it naturally favors a uniform distri-
ution over the Fermi surface [17 ,66 ]. Therefore,
he d + id pairing state is energetically preferred
n the weak-coupling regime, ultimately giving
ise to the Weyl TSC. To verify this symmetry-
ased conclusion and provide concrete numerical
vidence, we now investigate a prototypical lattice
odel. 

 prototypical model and numerical 
esults 
he simplest single-orbital repulsive Hubbard
odel is adopted as a prototype for illustrating the
airing problem on the 3D cubic lattice: 

H = −t
∑ 

〈 i, j〉 σ
c† iσ c jσ − μ

∑ 

i 

ni + U
∑ 

i 

ni↑ ni↓ , 

(3)
here c† iσ ( ciσ ) is the creation (annihilation) oper-
tor for a fermion with spin σ at site i, respec-
ively; niσ = c† iσ ciσ represents the onsite fermion
umber operator for spin σ and ni is the total
ermion number operator; t is the hopping in-
egral; U is the on-site Hubbard repulsion; 〈 i, j〉
epresents the nearest-neighbor (NN) bonds; the
hemical potential μ controls the fermion filling
nd the system is particle–hole symmetric at μ =
 / 2 . We focus on the hole doping regime, where
he hole doping level δ is defined as the deviation
rom half-filling: δ = 1 − n ≥ 0 . Here, n is the av-
rage electron filling per site, with n = 1 corre-
ponding to half-filling. 

At half-filling, the 3D Hubbard model exhibits
ong-range Néel AFM order [53 –58 ] in both lim-
ts of U /t → 0 (weak coupling) and U /t → + ∞
Page 4 of 10
(strong coupling). In the weak-coupling regime, 
the Fermi surface exhibits perfect nesting at the 
wavevector Q = (π, π, π ) , leading to the AFM
order. In the strong-coupling regime, the system 

is Mott-insulating. The superexchange interac- 
tion is responsible for the low-energy physics as 
described by the AFM Heisenberg model, which 

shows long-range AFM ordering at low tempera- 
tures [40 ,67 ]. 

Upon doping, the AFM order is gradually sup- 
pressed and completely disappears above a critical 
doping level. However, the short-range AFM fluc- 
tuations persist, providing the pairing glue for SC. 
In the following, we investigate the pairing insta- 
bilities in the weak-coupling regime utilizing the 
RPA method and in the strong-coupling regime 
using the SBMFT and VMC approaches. 

In the weak-coupling regime, the effective at- 
traction between a pair of fermions with opposite 
momenta is mediated by the exchange of spin fluc- 
tuations, a mechanism captured in the RPA ap- 
proach [15 ,16 ,41 ,59 ,68 –74 ]. We employ the RPA
method to calculate the pairing eigenvalues ( λ), 
comparing them across various symmetry chan- 
nels to identify the dominant pairing instability, 
which corresponds to the channel with the largest 
eigenvalue (see Section B of SM for details). Since 
the AFM ordering develops near half filling, we 
avoid the extremely low doping regime in which 

SC is suppressed, and focus on the low and inter- 
mediate hole doping regime δ ∈ (0 . 05 , 0 . 5) . 

The numerical results of pairing eigenvalues 
in various symmetry channels are presented in 

Fig. 2 (a) as a function of δ for U /t = 1 . 8 . It clearly
shows that the Eg IRRP dominates in the low dop- 
ing regime, that is, the doubly-degenerate singlet 
pairing symmetry of the (d3 z2 −r2 , dx2 −y2 ) charac- 
ter. This pairing symmetry is favored by the strong 
AFM fluctuations in this regime, which arise from 

the nearly nested Fermi surface [59 –61 ]. 
We have further performed detailed mean- 

field calculations subsequent to the RPA study, in- 
cluding both complex d + id and real d + d pair- 
ing states within the Eg symmetry. These calcula- 
tions show that the complex mixed pairing state is 
energetically favorable, which implies that β2 < 0 , 
consistent with the weak-coupling analysis that fa- 
vors the d + id pairing. (For details and numerical 
data, see Section B of SM). 

In the strong-coupling regime, the superex- 
change interaction drives the local pairing of the 
resonant-valence-bond type, which upon doping 
develops long-range phase coherence, leading into 
SC [37 ,40 ]. This physical picture can be accurately 
captured within theoretical treatments of the ef- 
fective t −J model, employing approaches such as 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag326#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag326#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag326#supplementary-data
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Figure 2. Numerical results from both weak- and strong- 
coupling approaches consistently show the dominance 
of the Eg symmetry pairing. (a) Random-phase approx- 
imation result of the pairing eigenvalues λ vs. δ for 
various pairing symmetries, calculated with U/t = 1 . 8 . 
(b) Slave-boson mean-field theory result of the pairing 
gap � vs. δ for the t−J model, using J/t = 0 . 4 ( U/t = 

10 ). (c) Variational Monte Carlo results showing the en- 
ergy for different pairing symmetries, using J/t = 0 . 25 
and δ = 0 . 1 . The results are obtained from minimizing 
the energy with respect to μ for a fixed �. (d) The vor- 
ticity projection along the body diagonal lines displays 
an alternating pattern of ±2 . A Cooper pair with such a 
symmetry carries a non-zero OAM octupolar component 
Oxyz . The corresponding gap function features 8 nodes 
on the Fermi surface. 
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he SBMFT [40 ,42 ] or VMC simulation [75 ,76 ].
ndeed, the low-energy physics in this strong-
oupling limit is described by the effective t −J 
odel: 

HtJ = −t
∑ 

〈 i, j〉 σ
c† iσ c jσ − μ

∑ 

i 

ni 

+ J
∑ 

〈 i, j〉 

(
Si · S j − 1 

4 
ni n j 

)
, (4)

here Si is the spin operator at site i and J =
 t 2 /U . Note that the no-double-occupancy con-
traint is imposed on the Hilbert space, which can
e maintained in the SBMFT (see Section C of SM
or details). 

The AFM superexchange interaction J in-
uces the NN pairings �x,y,z along the x, y, and
-directions, respectively. Calculations based on
BMFT reveal that the NN pairings take the form
f (�x , �y , �z ) = �(1 , ei2 π/ 3 , ei4 π/ 3 ) or its sym-
etry equivalences. This corresponds to the d +

d symmetry consistent with the RPA results in the
eak-coupling regime. The doping δ-dependence
f the gap amplitude � is depicted in Fig. 2 (b),
Page 5 of 10
which shows that as the doping increases, the su- 
perconducting order quickly emerges and then 

gradually decreases. Further SBMFT simulated re- 
sults are provided in Section C of SM. 

To corroborate the SBMFT results, VMC 

simulations have been also performed on the 
t −J model (see Section D of SM for details). 
The trial wavefunction for a SC state is con- 
structed as a Gutzwiller-projected BCS function 

| G〉 =ˆ P G |BCS 〉 , where the Gutzwiller projector 
 P G strictly enforces the no-double-occupancy con- 
straint. This results in a physical Hilbert space lim- 
ited to empty, spin- ↑ or spin- ↓ occupancy at each
site, appropriate for the hole-doped regime. Then, 
for each candidate pairing symmetry, the ground 
state energy E = 〈 G | HtJ | G 〉 / 〈 G | G 〉 evaluated for
a given pairing gap function �(k ) , is optimized
with respect to the chemical potential μ. 

The pairing gap function �(k ) = � f (k ) in-
corporates form factors f (k ) that correspond to 
specific pairing symmetries, consistent with the 
IRRPs of Oh group. The AFM superexchange J - 
term acts only between NNs, naturally favoring 
singlet and short-range pairings. We focus on the 
NN and next-nearest-neighbor (NNN) range pair- 
ing configurations (see Section D of SM), encom- 
passing various s- and d-wave states. 

Specifically, for the Eg IRRP, the G-L analysis 
suggests either the d + d nematic pairing (with a 
1:0 or 0:1 superposition) or the complex d + id
state (with 1: i mixing). Figure 2 (c) presents a sum-
mary of the VMC energy comparison across var- 
ious dominant pairing symmetries. Other possi- 
bilities were also tested but are not depicted, as 
they yield energies higher than that of the normal 
state. These results consistently demonstrate that 
the d + id pairing state is energetically the most 
favorable, thereby providing strong support for its 
dominance in the strong-coupling regime. 

Octupolar and Weyl TSC 

The d + id pairing realized with the Eg -orbital ba- 
sis differs fundamentally from the px + ipy -type 
of 3 He-A [77 ,78 ], as well as the dx2 −y2 + idxy -type
in triangular or hexagonal lattices [11 –16 ,64 ]. The
pairing symmetries of the latter two cases carry 
definite OAM quantum number of Lz = 1 and 2, 
respectively. In contrast, the Eg bases ( d3 z2 −r2 and 
dx2 −y2 ) characterizing the relative wave function 

of a Cooper pair can be expressed in terms of the
d-wave ( l = 2 ) OAM representations as 

| d3 z2 −r2 〉 = | 2 , 0 〉 , 

| dx2 −y2 〉 = 1 √ 

2 

(| 2 , 2 〉 + | 2 , −2 〉). (5) 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag326#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag326#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag326#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag326#supplementary-data
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Figure 3. Momentum space topology of octupolar Weyl 
superconductor. (a) The 8 Weyl points around the Fermi 
surface (represented by the shadow region) with alter- 
nating monopole charges exhibit the octupolar pattern. 
The circles indicate Weyl points acting as positive or 
negative magnetic monopoles. (b) Cross-sections ( S1 
and S2 ) with topologically non-trivial and trivial 2D pair- 
ing configurations, shown in (c) with C = 1 for S1 and 
(d) with C = 0 for S2 , respectively. The closed curves in 
(c) and (d) represent the two intersections, S1 and S2 , 
of the 3D Fermi surface with the two planes in (b), re- 
spectively. Small arrows indicate the orientations of the 
pairing phase. 
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ere, | l, m〉 denotes the spherical harmonic
asis Yl,m 

(̂  k ) that describes the relative mo-
ion of the Cooper pair in momentum space.
otably, these two basis states cannot be in-

erconverted via simple angular momentum
aising/lowering operators ˆ L ± =ˆ L x ± î  L y ,
ince these operators only shift the azimuthal
uantum number m by 1. The resulting chi-
al state, | d + id〉 = 1 √ 

2 
(| d3 z2 −r2 〉 + i| dx2 −y2 〉 ) ,

arries no net OAM, nor does it possess any
raceless quadrupole tensor components; math-
matically, their expectation values vanish,
hat is, Lμ ≡ 〈 d + id|̂  L μ| d + id〉 and Qμν ≡
 d + id| 1 

2 (̂  L μ̂  L ν +ˆ L ν̂  L μ) − 1 
3 ̂
 L 

2 δμν | d + id〉 
 μ, ν = x, y, z). 

The absence of conventional OAM and
uadrupole moment points to a hidden or-
er. Specifically, when viewed along the body
iagonal directions, the system exhibits an al-
ernating vorticity of ±2 under C3 rotations.
his signifies an octupolar pattern, as illustrated

n Fig. 2 (d). Indeed, a Cooper pair with such a
ymmetry carries a finite OAM octupole com-
onent. Defining the OAM octupole operator as
 

 xyz = 1 
3! 

∑ 

P ̂
 L μ̂  L ν̂  L ρ (with P representing the

ermutations of x, y, z), the expectation value is
on-zero: Oxyz ≡ 〈 d + id|̂  O xyz | d + id〉 = −√ 

3 . 
The octupolar d + id-pairing obtained in the

ow and intermediate doping regimes exhibits in-
eresting symmetry and topological properties.

ithout loss of generality, its gap function in mo-
entum space is expressed as 

�(k ) = �
(
cos kx + ei

2 π
3 cos ky + ei

4 π
3 cos kz 

)
. 

(6)
ts nodal directions appear along the body diag-
nals (±1 , ±1 , ±1) , consistent with the octupo-
ar symmetry. In comparison, the px + ipy pair-
ng can be viewed as the dipolar symmetry ex-
ibiting nonzero Lz and its nodes are located
long the z-axis. In the Nambu representation, the
ogoliubov-de Gennes Hamiltonian is given by 

HBdG 

= 

∑ 

k 

(
c† k ↑ c−↓ 

)
H (k )

( 

ck ↑ 
c† −k ↓ 

) 

, 

H (k ) = ε(k ) τ3 + Re �(k ) τ1 − Im �(k ) τ2 , 

(7)

here ε(k ) = −2 t (cos kx + cos ky + cos kz ) − μ

s the kinetic energy and τi are the Pauli matrices
n Nambu space. The quasiparticle dispersion ex-
ibits 8 nodal points located at the intersections
f the body diagonal directions and the Fermi sur-
ace, that is, knode = kF √ 

3 
(±1 , ±1 , ±1) , where kF 
Page 6 of 10
is the magnitude of the Fermi wavevector along 
the body diagonal directions. Due to TRSB, these 
nodal points are identified as ‘Weyl nodes’ for the 
Bogoliubov quasiparticles [17 ,33 ]. 

Near the nodal points, the quasiparticles ex- 
hibit the following low-energy linear dispersion 

relation: 

H (p ) = (v1 · p ) τ1 + (v2 · p ) τ2 + (v3 · p ) τ3 , 

(8) 
where p ≡ k − knode is the relative momentum 

with respect to knode and vi ( i = 1 , 2 , 3 ) are ve-
locity vectors characterizing the local geometry of 
the Bogoliubov–Weyl cone (see Section E of SM 

for details). 
The 3D chirality (monopole charge) associated 

with a given Weyl node can be directly calcu- 
lated as C = Sgn 

[v1 ·
(v2 × v3 

)] = ±1 [23 ,32 ]. 
The Weyl node at knode with C = +1 (−1) acts as
a positive (negative) magnetic monopole in mo- 
mentum space, and its chirality is determined by 
the octupolar vorticity along knode . Consequently, 
the monopole charges of the 8 Weyl nodes exhibit 
an octupolar pattern, as illustrated in Fig. 3 (a). 
This low-energy effective theory suggests a Weyl 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag326#supplementary-data
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Figure 4. Weyl modes and surface Fermi arc. 
(a) Schematic diagram for the (110)-surface (shadow 

plane). (b) Projected Weyl nodes ˜ Wi in the (110) surface 
Brillouin Zone and the Fermi arcs (solid lines), where 
˜ W1(3) and ˜ W5(7) each represent the overlap of two bulk 
nodes due to the projection geometry. (c) Energy 
spectrum along the path ˜ 
 − ˜ W1(3) − ˜ W2 − ˜ W6 − ˜ W1(3) 
marked in (b) (dashed lines) for | �| = 0 . 1 t and 
μ = −3 t based on Equation ( 7 ). 
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uperconductor [17 ], which is a superconducting
ounterpart to the Weyl semimetal. 

The emergence of Bogoliubov–Weyl points in
his d + id pairing state is topologically protected.
onsider an arbitrary 2D cross-section that in-
ersects the 3D Fermi surface while avoiding the
eyl points. It results in a 2D gapped supercon-

uctor, which can be topologically either trivial or
on-trivial depending on the location of the cross-
ection. This topology is characterized by a 2D
hern number, which describes the pairing phase
inding around the 2D Fermi surface [4 ,5 ]. As

llustrated in Fig. 3 (b), shifting the section plane
cross a Weyl point alters this invariant from
 = 1 before crossing the point (Fig. 3 (c)) to C =
 afterward (Fig. 3 (d)). In other words, the 2D
C within the slice transitions from a topologi-
al phase to a trivial one. Hence, an intermediate
eyl node is unavoidable. 
According to the bulk-boundary correspon-

ence, the Weyl SC exhibits non-trivial Fermi-
rc surface states, which are the Majorana arcs
f the Bogoliubov quasiparticles. Similar to Weyl
emimetals, the configuration of these surface
ermi arcs depends sensitively on the surface
rientation. In particular, on the (100) surface,
he projections of Weyl nodes with opposite
onopole charges overlap and cancel each other,

esulting in the absence of protected Fermi arcs. 
Specifically, we consider the (110) surface

hown in Fig. 4 (a). The projection of the 8 Weyl
odes Wi (i = 1 , · · · , 8) onto this surface results in
 distinct points ˜ W i marked in the surface Bril-
ouin Zone (BZ) shown in Fig. 4 (b), due to the
verlap of two pairs of nodes. To explicitly re-
eal the gapless surface modes originating from
he projected Weyl points, we calculate the sur-
ace spectrum along the path ̃

 
 − ˜ W 1(3) − ˜ W 2 −
 

 6 − ˜ W 1(3) in the surface BZ (the dashed lines
n Fig. 4 (b)) as shown in Fig. 4 (c). Particularly,
long the path from 

˜ W 1(3) to ˜ W 2 , there exist a
ontinuous band of gapless modes forming the
ermi arc ̃  W 1(3) − ˜ W 2 exhibited in Fig. 4 (b). The
ther Fermi arcs in Fig. 4 (b) are obtained by sym-
etry. Note that the Fermi arcs ̃  W 1(3) − ˜ W 2 and

 

 1(3) − ˜ W 4 are connected at the ̃  W 1(3) point on
he (110) surface. 

Crucially, these Majorana Fermi arcs provide a
efinitive signature to distinguish the d + id Weyl
SC from the topologically trivial d + d nematic
tate. While both states feature bulk nodal exci-
ations, only the d + id phase supports protected
apless surface modes. These surface states en-
ance the low-energy local DOS at the bound-
ry. By mapping this local DOS and the asso-
iated quasiparticle interference (QPI) patterns,
Page 7 of 10
scanning tunneling microscopy and spectroscopy 
(STM/STS) can serve as an experimental probe 
for the underlying pairing symmetry. 

CONCLUSION AND DISCUSSION 

Our comprehensive investigation focuses on the 
SC state arising solely from repulsive electron- 
electron interactions in a system with 3D cu- 
bic symmetry. Crucially, symmetry considera- 
tions combined with a G-L analysis strongly fa- 
vor a TRSB d + id SC, which belongs to the
Eg d-wave IRRP. Consistent with this, numeri- 
cal results from both weak-coupling and strong- 
coupling calculations, using the Hubbard model 
as a prototype, unambiguously reveal the emer- 
gence of this TRSB d + id pairing upon carrier 
doping. This robust state signifies a novel oc- 
tupolar Weyl TSC, characterized by topologically 
protected Bogoliubov–Weyl nodes and surface 
Majorana–Fermi arcs. Our findings obviate the 
need for complex mechanisms such as SOC. They 
demonstrate that simple correlated cubic systems 
provide a direct route to realizing correlation- 
driven Weyl TSCs. This opens a new avenue for 
topological material design in a broad class of com- 
pounds with cubic symmetry. 

The RPA calculations in the weak-coupling 
regime also indicate the emergence of the 
T2 g singlet pairing symmetry ( dxy , dxz , dyz ) , 
or the triplet T1 u symmetry (the p-wave) at 
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ufficiently high doping levels δ > 0 . 6 . Cru-
ially, the resulting pairing ground states are
lso expected to exhibit TRSB [79 ] with exotic
roperties. Similar to the complex d + id state,
hese TRSB superconductors are generally pre-
icted to host topological point nodes. They can
lso realize the Weyl TSCs, offering alternative
andidate states beyond the Eg channel. These
xotic ground states may also feature other non-
rivial phenomena, such as the sextetting order
charge- 6 e) [80 –84 ]. Detailed results supporting
hese findings are provided in the Section B of
M. 
The theoretical proposal for the interaction-

riven Weyl TSC immediately points to cubic ma-
erials as ideal experimental platforms. Previous
tudies on cubic compounds, such as UBe 13 [85 ],
eIn 3 [86 ], and CsW 2 O 6 [87 ] have suggested the
xistence of unconventional SC [88 –91 ]. Most no-
ably, the cubic spinel LiTi 2 O 4 is a compelling
andidate, which exhibits experimental signa-
ures of d-wave pairing SC belonging to the Eg 

RRP [92 ]. This material exhibits strong electron-
orrelation properties driven by the Ti 3 d-orbital
lectrons [93 –95 ], a characteristic that aligns with
he physics underlying our proposal. It’s also
orth noting that the resonating-valence-bond

cenario has been previously suggested as a po-
ential SC mechanism for this compound [37 ,96 ].
ecent experiments indicate that the pairing am-
litude in this material maintains the full Oh rota-
ional symmetry [92 ]. This observation provides
ompelling evidence supporting the proposed d +
d Weyl TSC. 

Moreover, we predict further hallmark fea-
ures, such as the 8 bulk point gap nodes along
he body diagonal directions and topologically
rotected surface Fermi arcs, which are prime
argets for experimental verification via angle-
esolved photo-emission spectroscopy and STM.
his work re-establishes the role of cubic super-
onductors, demonstrating their profound poten-
ial to realize the exotic Weyl TSC and calling for
edicated experimental verification. 
Recent experimental advancements in simu-

ating the AFM phase transition in the 3D Hub-
ard model [52 ] provide a promising new pathway
or realizing the exotic Weyl SC state proposed
n this study. To facilitate the successful observa-
ion of SC, it is essential to effectively suppress the
FM order. This can be achieved through control
ver carrier doping, interaction strength, or in-
roducing frustration via NNN hopping or struc-
ural modifications to the lattice. Critically, these
arameters can be controlled and manipulated
n optical lattice systems [49 –52 ]. This tunability
Page 8 of 10
offers a highly promising experimental avenue for 
realizing the predicted Weyl TSC state. 
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