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SPECIAL TOPIC — Moir¢ physics in two-dimensional materials
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Moiré superlattices hosting flat bands and correlated states have become a central focus in condensed matter research.
Using first-principles calculations, we investigate three-dimensional flat bands in alternating twisted NbSe; moiré bulk
structures, which exhibit stronger interlayer interactions than twisted bilayer configurations. Our results show that moiré
bulks undergo spontaneous large-scale structural relaxation, leading to the formation of remarkably flat energy bands at twist
angles < 7.31°. The k;-dependent dispersion of these flat bands across different moiré bulks highlights their intrinsic three-
dimensional character. Moreover, the presence of out-of-plane mirror symmetry in these moiré bulk structures indicates
potential interlayer triplet superconducting pairing mechanisms, distinct from those in twisted bilayer systems. This work
opens new avenues for exploring three-dimensional flat bands in other moiré bulk systems.
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1. Introduction

Superconductivity in electronic systems with interacting
electrons remains a long-standing and captivating topic in con-
densed matter physics. Recent breakthroughs in twisted bi-
layer graphene (TBG) have highlighted the critical role of
engineered electronic band structures, particularly flat bands
near the Fermi level, in enabling unconventional supercon-
ductivity and correlated insulating states.'=3] These discover-
ies have propelled the field of twistronics, where controlled
rotational misalignment in van der Waals (vdW) structures
produces moiré patterns that dramatically modify the elec-
tronic structure, creating flat bands. Within such systems, the
electron-electron Coulomb interaction dominates over the ki-
netic energy, >’ providing a fertile platform to explore the in-
terplay and competition between superconductivity and elec-
tronic correlations. [8-37]

Within twistronics, the transition metal dichalcogenide
(TMD) family has attracted significant attention.!38-36!
In particular, the three-dimensional spiral structures of
TMDs, involving screw dislocations, have been success-
fully synthesized via chemical vapor deposition (CVD)
experiments.>7-61 Theoretical studies have revealed the ex-
istence of three-dimensional (3D) flat bands in graphite moiré
bulks,[®! suggesting the possibility of novel states in other 3D
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moiré structures.

Among TMDs, NbSe; exhibits both superconductivity
and charge density waves in few-layer and bulk forms. The
superconducting critical temperature increases with the num-

5,192 indicating that twisted NbSe, bulks may ex-

ber of layer:
hibit higher critical temperatures than twisted few-layer sys-
tems. Variations in layer number and twist angle in twisted
NbSe; lead to diverse structural transitions, which influence
interlayer coupling and electronic properties. These features
make twisted NbSe, bulks a promising platform for studying
3D flat bands and superconductivity.

In this work, using first-principles methods, we system-
atically study the evolution of atomic displacements, band
structures, and bandwidths for twist angles ranging from
13.17° to 4.41°. The moiré bulk undergoes spontaneous large-
scale structural relaxation and exhibits extremely flat energy
bands for twist angles not exceeding 7.31°. Furthermore, the
flat bands in different moiré structures display k,-dependent
dispersion, indicating the presence of three-dimensional flat
bands in alternating twisted NbSe, moiré bulks. Notably, the
bandwidth at 6.00° is narrower than that of 1.05° TBG. Addi-
tionally, the out-of-plane mirror symmetry in the moiré bulk
leads to a distinct interlayer triplet pairing for superconductiv-

ity, distinguishing it from twisted NbSe; bilayer systems.
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2. Calculation methods

Structural optimizations of twisted NbSe; bulks were per-
formed using OpenMX with the Perdew—Burke—Ernzerhof
(PBE) exchange—correlation functional. Norm-conserving
pseudopotentials and pseudo-atomic orbitals Se7.0-s3p2d2
and Nb7.0-s3p2d2 were employed.®3%* During structural re-
laxations, a k-points grid of 1 x 1 x 2 was used, with a force
convergence criterion of 1073 Hartree/Bohr. The DFT-D3
method was applied to account for vdW interactions during
structure optimizations. %!

Band structures at various twist angles were calculated
using the real-space electronic structure method implemented
in the RESCU package.!°®! In self-consistent calculations, a
k-points grid of 2 x 2 x 4 was used for twist angles from
13.17° t0 6.01°, and 1 x 1 x 4 for 5.09° and 4.41° twists. The
self-consistent procedure was considered converged when the
charge variation per valence electron was less than 107 e.
The reliability of RESCU was verified by comparison with
VASPI97-70] results for bulk and large-angle twisted NbSe,

as shown in Fig. S1.

3. Results and discussions
3.1. Twisted bulk structures

The crystal structure of a NbSe, monolayer is illustrated
in Fig. 1(a), with each layer lacking inversion symmetry. In
this study, we consider moiré bulks consisting of alternating
twisted NbSe; layers, as depicted in Fig. 1(b). In all calcu-
lations, the out-of-plane lattice parameter is fixed to the re-
laxed value of the aligned bilayer, 13.4 A. In these moiré bulks,
only C3, rotational symmetry and M, mirror symmetry are pre-
served, while inversion symmetry and M, mirror symmetry are
broken.

Fig. 1. (a) Top view of monolayer NbSe;. (b) Side view of alternating
twisted NbSe, moiré bulk, with the unit cell indicated by black dashed
lines. (c) Unrelaxed structure of the alternating 6.01°-twisted NbSe,
moiré bulk. (d) Relaxed structure of the alternating 6.01°-twisted NbSe,
moiré bulk. Compared to the unrelaxed structure, the relaxed structure
exhibits a clear expansion of the MM region.

The lattice vectors of moiré unit cells can be described by

[71,72

a pair of integers (m,n). 1 One of the moiré lattice vectors

is given by L, = ml, + nlj,, where [, and [}, are the lattice vec-
tors of the constituent monolayers. The commensurate twist
angle 0 is related to (m,n) via
1 m? +n?+4mn

O8O D M
The other moiré lattice vector, Ly, is obtained by rotating L,
by 60°. In our study, the twist angle 6 ranges from 4.41°
to 13.17°. The relationship between twist angle, number of
atoms, and integers (m,n) in the moiré unit cell is summarized
in Table 1.

Figure 1(c) shows the unrelaxed 6.01°-twisted moiré
Three high-
symmetry stacking configurations exist within the moiré unit
cell, namely MM, MX, and XM. The center of the MM region
coincides with the origin, while the centers of the MX and XM
regions are located at (L, +Lp)/3 and 2(L, + L) /3, respec-
tively. The relaxed structure is shown in Fig. 1(d), where the

pattern of NbSe, bulk from the top view.

MM region is significantly expanded compared to the unre-
laxed case, and the MX and XM regions are reduced to narrow
domain walls.

Table 1. Relationship between twist angle, number of atoms
Natoms» and integers (m,n) in the moiré unit cell.

n m Angle Natoms
2 3 13.17° 114
3 4 9.43° 222
4 5 7.34° 366
5 6 6.01° 546
6 7 5.09° 762
7 8 4.41° 1014

In the relaxed structure, the atomic displacements for
0 = 13.17° and 6 = 4.41° are shown in Fig. 2. In the large-
angle (6 = 13.17°) twisted structure, only a few atoms ex-
hibit significant displacements. In the top layer, displacements
around the MX site occur in a clockwise direction, while in
the bottom layer, displacements around the XM site are coun-
terclockwise. By contrast, in the small-angle twisted struc-
ture (6 = 4.41°), distinctive vortex-like displacement patterns
emerge, predominantly around the MM site, resulting in an
enlarged MM region within the moiré structure. Each layer
experiences interlayer interactions from both adjacent layers,
which collectively suppress large out-of-plane corrugations in
the moiré bulk structure. These displacement patterns are con-
sistent with Ref. [73] and reveal pronounced vortex-like spon-
taneous atomic rearrangements in the moiré bulk. The large-
angle twisted bulk NbSe; system (6 < 7.34°) exhibits signifi-
cant atomic relaxation, which in bilayer NbSe; occurs only at
small angles (8 < 3.14°).[73] This highlights a key finding of
our work: twisted bulk NbSe, enables enhanced atomic relax-
ation through strong interlayer interactions.
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Fig. 2. Atomic displacements in the top layer (a) and bottom layer (b)
of the unit cell in the alternating 13.17°-twisted NbSe, moiré bulk are
shown. The length of the red vectors on each atom represents the dis-
placement amplitude, with a scaling factor of 25. Atomic displacements
in the top layer (c) and bottom layer (d) of the alternating 4.41°-twisted
NbSe; moiré bulk are also shown, with a scaling factor of 3. See Fig. S2
for clearer displacement distributions.

3.2. Electronic properties

To investigate the three-dimensional electronic structure
of twisted NbSe, bulk, we calculated the band structures on

(a) Unrelaxed-13.17° Unrelaxed-9.43°

Unrelaxed-7.34°

different k,—k, planes across the Brillouin zone (k; =0, & /3,
m/2). As shown in Fig. 3, the energy bands near the Fermi
level exhibit clear k,-dependence in the alternating twisted
NbSe, moiré bulk.

In the unrelaxed structure of alternating twisted NbSe;
moiré bulks with 8 = 13.17°, 9.43°, 7.32°, and 6.01°, hole
pockets appear at the I" point. In the relaxed structure, how-
ever, hole pockets persist only for the 8 = 13.17° and 9.43°
twist angles. This change arises because the energy bands be-
come increasingly dispersionless in the relaxed structures with
smaller twist angles. Notably, the large bandgaps at the I”
point vanish after relaxation, and additional electronic states
emerge near the Fermi level for 8 < 7.34°.

These results indicate that spontaneous structural relax-
ation in the alternating twisted NbSe, moiré bulk plays a cru-
cial role in shaping the electronic structure. The expansion of
MM stacking regions and the contraction of MX/XM domains
into narrow domain walls localize the electronic states in real
space, which further suppresses the kinetic energy and leads

to flatter energy bands.

Unrelaxed-6.01°

20 20
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Fig. 3. Energy bands of the alternating twisted NbSe, moiré bulk for both unrelaxed and relaxed structures. The bands closest to the Fermi level

are highlighted.

We note that lattice relaxation in twisted bilayer graphene
leads to gap opening at +4 filling and induces particle-hole
asymmetry.”*~77] In contrast, the twisted NbSe, bulk exhibits
a dense set of mini-bands near the Fermi level, originating
from the conducting bands within the primitive unit cell of the
NbSe, monolayer. Atomic relaxation does not produce simi-

larly isolated flat bands in twisted NbSe, bulk, which can be
attributed to strong intralayer hopping and the relatively large
intrinsic bandwidth of NbSe; compared to the interlayer inter-
action.

In the NbSe, monolayer, the energy bands at the I" valley
primarily arise from d > orbitals, whereas in the K valley, they
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are mainly contributed by dyy +dp_» orbitals. 78! Orbital-
projection analysis for the 21.79° twisted bulk (Fig. S4) con-
firms that the flat bands near the Fermi energy exhibit K-valley
character and are dominated by the dyy +d,2_,» orbitals.

Two distinct stacking configurations exist in twisted
TMDs, centered on either the MM or MX region.m] In
the MX-stacking twisted TMD, one layer is obtained by ro-
tating by 180° around the hollow site relative to the MM-
stacking configuration. Previous work!’””) showed that the
electronic structures differ significantly between these two
stacking types. Accordingly, we also calculated the electronic
structure of 13.17° and 6.01° twisted bulk with AP-centered
(MX-centered) stacking, as shown in Fig. 4.

Although the overall band shapes differ between the
MX- and MM-centered twisting structures, the bandwidths
of bands near the Fermi energy remain similar: 93.3 meV
(MX) vs. 102.3 meV (MM) for 13.17°, and 12.6 meV (MX)
vs. 11.1 meV (MM) for 6.01°. These results indicate that the
bandwidths of bands near the Fermi energy are largely insen-
sitive to the stacking center.

MX centered 13.17° MM centered 13.17°

(a) 50 0
* 0 0 k=0 ? -
—50 —50
Zod
E e
E 50 —50 ‘W)
% —100 '\CJQ’/T/- .
g o T
r
(b)
&
)
%

Fig. 4. Band structures of twisted NbSe, at 13.17° and 6.01° with MX-
and MM-centered rotation, respectively (results from the main text).

To trace the evolution of the bandwidth with decreas-
ing twist angle, we focus on the bands closest to the Fermi
level. The average bandwidth of these bands at different &,
values is used as an indicator of the system’s overall band-
width. As shown in Fig. 5, the bandwidth of the alternating
7.34°-twisted NbSe, moiré bulk decreases to 30 meV. In the
alternating 6.01°-twisted NbSe, moiré bulk, the bandwidth is
further reduced to 10 meV, comparable to the typical band-
widths of magic-angle twisted bilayer graphene (Fig. 5).

These results indicate that three-dimensional flat bands
emerge in alternating twisted NbSe, moiré bulk for twist an-
gles 8 < 6.01°, where strong electron—electron interactions
can occur. As also shown in Fig. 5, atomic relaxation in the
twisted moiré bulk enhances the density of states (DOS) near
the Fermi level. The small bandwidth of the mini-bands in-
duced by atomic relaxation produces a series of sharp DOS
peaks in the 6.01°, 5.09°, and 4.41° twisted NbSe; bulk.

In the alternating twisted NbSe, moiré bulk, each layer
experiences interlayer interactions from two neighboring lay-
ers. In contrast, in twisted bilayer NbSe, or at the surface
of the moiré bulk, these interlayer interactions are weaker,
leading to broader moiré bands. Consequently, the surface
states behave differently from the bulk states in the alternat-
ing twisted NbSe, moiré bulk.

(a) 140 -0~ Unrelaxed NbSe,
~ 120 -O- Relaxed NbSe,

g 100 — 1.05° TBG

] 80

<

S 60

g

5 40

m

20 & o Te_--oXTH L

13.17 9.43 7.34  6.00 5.08 4.41

Twist angle (°)

=

DOS (per atom)

—-40 -30 —-20 -—10 0 10 20 30 40
Energy (meV)

Fig. 5. (a) Average bandwidths of the energy bands highlighted in Fig. 3
for different alternating twisted NbSe, moiré bulks. (b) Calculated DOS
per atom for different twisted NbSe, bulks.

3.3. Electron Coulomb interaction

The electron Coulomb interaction can be expressed as
H=V(q)c], ¢, cpe 2)
ktq“ K —qCK k>

where k, k', g are wave vectors in the Brillouin zone. In 2D
systems, the screened Coulomb interaction is given by

&2

\%4 = ,
@) 20QuE€0\/ ¢ + K2

where Q) is the moiré lattice area, x is the inverse screen-

3

ing length, and ¢ is the background dielectric constant. In 3D
systems, the interaction becomes

&2

- dQuyeeg(? +K2)’

V(q) “

where d is the out-of-plane lattice constant. Experimentally, K
ranges from 0.002 A~! to 0.02 A~!. For small ¢ (satisfying
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d+/q*+ k% < 2), the 3D electron interaction is stronger than
that in 2D systems.

In the 6.01° twisted NbSe; moiré bulk, for g ~ 0.1G =
0.022 A~! (G is the in-plane reciprocal lattice vector) and
k=0.01 A~!, we find

2
d+/ q2 + K2
indicating that the 3D electron Coulomb interaction is roughly

The 3D Coulomb
interaction decays rapidly as 1/¢, and V(¢ = 0.1G)/V(q =

~ 6.176,

six times stronger than in the 2D case.

0.316G) =~ 10 demonstrates its short-range nature. Thus, in
the 3D moiré bulk, the dominant electron interactions origi-
nate from small-g scattering.

In contrast, in quasi-2D twisted bilayer systems, the 2D
Coulomb interaction decays more slowly as 1/g, and inter-
band scattering cannot be neglected, which hinders the real-
ization of correlated states. In the twisted moiré bulk, despite
the presence of multiple bands near the Fermi level, the rapid
1/q* decay confines the dominant electron interactions to a
few low-energy bands. This feature effectively relaxes the re-
quirement of isolated flat bands that is necessary in 2D twisted
systems.

In alternating twisted trilayer graphene, flat bands coexist
with highly dispersive Dirac cones near the Fermi level.[30-81]
Nevertheless, correlated states have been experimentally ob-
served, and theoretical studies!®?! describe these as interval-
ley coherent states. This demonstrates that overlapping bands
do not necessarily suppress correlated states, suggesting that
multi-band scattering may not preclude correlated states in al-
ternating twisted NbSe; bulk.

As the twist angle decreases, the moiré supercell enlarges,
and band folding further reduces the bandwidth. We define the

characteristic interaction energy on the moiré length as!>!
2
e
Uy=——. 5
M dreeyls )

For comparison, in magic-angle twisted bilayer graphene,
Uy =22 meV, exceeding the flat-band bandwidth. In the 6.01°
twisted NbSe, moiré bulk, the reciprocal lattice length is four
times larger, yielding Uy ~ 88 meV, much larger than the
bandwidths. These estimates place the 6.01° twisted NbSe;
moiré bulk firmly in the strong-interaction regime favorable
for correlated electron physics.

3.4. Interlayer triplet pairing superconductivity

NbSe, exhibits superconductivity in few-layer and bulk
forms. Here, we discuss possible superconductivity in the al-
ternating twisted NbSe, moiré bulk. In superconducting ma-
terials, the electrodynamic response is described by

3 =—DiA, (6)

where j is the current density, A is the vector potential, and Dy
is the superfluid weight. The superfluid weight, a key criterion
for superconductivity, can be decomposed into a conventional
contribution and a geometric contribution.!'’! The conven-
tional contribution arises from single-band effects, whereas
the geometric contribution originates from multi-band effects.
In flat-band systems, the geometric superfluid weight domi-
nates. Therefore, in alternating twisted NbSe; bulk with small
twist angles, the geometric superfluid weight plays a particu-
larly significant role.

Although increased effective mass enhances band flat-
ness, the geometric superfluid weight also depends sensitively

831 The role of wavefunc-

on the wavefunction geometry.
tion geometry in superconductivity in the alternating twisted
NbSe, bulk warrants further study.

The continuum Hamiltonian for the superconducting pair-

ing can be written as

Hsc(r) :/d’P Z V’g[S(T)All’,ss’(T)ngl/s/(r)+h-c-a @)
Ell'ss!

where £ denotes the valley index, and [ or I’ labels the layer in
the moiré bulk unit cell. Following previous studies, 343! we
consider only momentum-direction-independent pairing for
simplicity. Since the electronic band structure reflects only
single-particle wavefunctions, symmetry constraints must be
applied to determine the allowed form of the pairing.

(a) 120 (c) 0.15
100
> .
2 80 M 0-10
£ =
% AN
@ 60 0.05
) 2\ /\
20 LA 0
(b) 120 (d) 0.20
100
= 0.15
g 80
= = 0.10
& 60
20 0
K. I K. K, K’ 0 02 04 06 08 10

k. (m)

Fig. 6. Energy bands of the effective model at a 5° twist angle in the
(a) k; = 0 and (b) k; = 7 planes. The calculated k.-resolved pairing sus-
ceptibility at chemical potentials of (c) 4t =50 meV and (d) u = 80 meV.
Blue lines correspond to the k;-resolved pairing susceptibility in the
%0 = Ty channel, while red lines represent the susceptibility of a mixture
between the ¥, = 7, and ¥, = Tys; channels.

To begin, we analyze the possible superconducting pair-
ings in twisted bilayer NbSe;. The system exhibits 7 x D3
symmetry.®1 Accordingly, twisted bilayer NbSe, has time-
reversal symmetry 7 = isyK, three-fold rotational symme-
try Cs, = ei27s/3
—i7,sy, where 7 and s are Pauli matrices defined in layer and

, and two-fold rotational symmetry Cy, =

spin space, respectively.
There are six matrices of pairing wavefunctions that
can couple to s-wave pairings: sy, TxSy, TSy, Ty, TySy, and
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T,s.. Among these, only the set {7y, 7s;} belongs to a two-
dimensional irreducible representation, while the others be-
long to one-dimensional irreducible representations. Specif-
ically, (7o,7:)sy, TSy, and T,s, describe singlet pairings,
whereas {1y, Tys.} corresponds to triplet pairing.

In the alternating twisted NbSe, bulk, the additional mir-
ror symmetry M, = is, forbids all pairings belonging to one-
dimensional irreducible representations. Consequently, only
the triplet pairing {7, 7,s;} is allowed, with the explicit BCS

form

YBes = {W—-ﬁ—kJTW&—}—k,l’T""‘ Vot k1 \Verk 1)
Vot b it Veth, it — Yot W Wk, )
(L #1). ®)

Thus, only interlayer triplet pairing can exist in the alternating
twisted NbSe, bulk, distinguishing it from the twisted bilayer
system.

Now we turn to the microscopic model of superconduc-
tivity in the twisted moiré bulk. We start with the NbSe;
monolayer, which hosts conducting bands crossing the Fermi
level. Its electronic structure differs from those of insulating
MoS; and MoTe; monolayers. While the continuum mod-
els of twisted MoS, and MoTe, can be accurately described
by states near the K valley, an accurate continuum model of
twisted NbSe, requires the full Hamiltonian across the entire
Brillouin zone. To construct a minimal model for supercon-
ductivity in the twisted moiré bulk, we note that the electronic
states near the Fermi level originate predominantly from the K
valley. Thus, we adopt the following continuum Hamiltonian:

f“(r)(1+ eikZ)
hy(r) ) ’ ©)

()
5= (1ot

where /y, and A, are the effective monolayer Hamiltonians near
the £K valley, T denotes the interlayer tunneling term, and
e % accounts for interlayer coupling between neighboring unit
cells in the twisted bulk. The detailed parameters of this ef-
fective model follow Refs. [54,85].
bands exhibit k,-dependent electronic structure, as shown in
Figs. 6(a) and 6(b).

We consider interlayer triplet pairing channels repre-

Our calculated energy

sented by the matrices %0 = T, and %, = T,s,. The pairing
susceptibility for a finite-momentum Cooper pair (g # 0) is
defined as

/ Z Oévb (p.q

Pab

Xijuv(@ up 0.0 Kap(p,q), (10)

where p and —p are the momenta of the electron and hole in
the Cooper pair, respectively. The overlap function is

02};(1),‘1) = <uap+q/2‘ij‘vb—p+q/2>a (11)

with a and b labeling the bands, and |«) and |v) being the elec-

tron and hole eigenstates, respectively. The kernel function

is

1— f(Ea(p+4q/2)) — f(E(—P+4q/2))
E«p+q/2)+E(-P+4q/2)

]Cab(p>q) = ) (12)
where f is the Fermi distribution function and E,, E} are the
electron and hole eigenvalues, respectively. In this work, we
focus on zero-momentum Cooper pairing (g = 0). The corre-
sponding k,-resolved pairing susceptibility is then

Zoab ky,ky,k.,q =0)

x,,uv (g=0)=
kxk Y a,b

X OLy (kg Kooy @ = 0) K (e, Ky ke g = 0). (13)

The calculated xlk] v at different chemical potentials are
shown in Figs. 6(c) and 6(d).
that the non-zero k, components contribute significantly larger

These results demonstrate

pairing susceptibility compared to the k, = O plane, highlight-
ing the crucial role of interlayer coupling in enhancing the
triplet pairing in the twisted moiré bulk.

3.5. Further discussions on triplet pairing superconductiv-
ity

Extensive research has been devoted to the three-
dimensional spiral structures of TMDs associated with screw
dislocations. These structures have been successfully realized
through chemical vapor deposition (CVD) experiments. Con-
sequently, the alternating twisted bulk TMD may be synthe-
sized using similar experimental techniques.

The minimal structural platform exhibiting the crucial
mirror symmetry discussed here is the alternating twisted
trilayer system. For example, alternating twisted trilayer
graphene has been proposed as a promising platform for re-
alizing spin-triplet superconductivity, largely due to its mirror
symmetry. 6] Similarly, an alternating twisted trilayer NbSe,
would also retain mirror symmetry and could potentially sup-
port triplet pairing. However, a significant experimental con-
sideration is that such trilayer systems are inherently sensitive
to substrate effects, which often break the mirror symmetry. In
contrast, the bulk nature of the alternating twisted moiré sys-
tem studied here provides intrinsic protection of the bulk states
against such symmetry-breaking substrate potentials, offering
a more robust environment for realizing symmetry-protected
phenomena.

We now discuss key spectroscopic and transport probes
that can provide characteristic signatures of interlayer triplet
pairing.

(i) Scanning tunneling microscopy/spectroscopy
(STM/STS) directly measures the local density of states, pro-
viding real-space information on the superconducting gap.
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(i1) Nuclear magnetic resonance (NMR) can distinguish
triplet from singlet pairing. In conventional spin-singlet su-
perconductors, the spin susceptibility decreases below the crit-
ical temperature 7;, resulting in a drop in the Knight shift and
a Hebel-Slichter peak in the spin-lattice relaxation rate just
below T, followed by an exponential decay at lower temper-
atures. In contrast, for spin-triplet pairing, the Knight shift
remains unchanged below T, under an applied magnetic field,
since spin polarization is preserved within the Cooper pairs.
Additionally, the spin-lattice relaxation rate lacks a Hebel—
Slichter peak and exhibits power-law behavior at low temper-
atures.

(iii) Josephson junction measurements — either vertical
junctions with the moiré bulk sandwiched between conven-
tional s-wave superconductors (e.g., Nb) or planar geometries
— can provide further insights. The critical current in such
junctions is sensitive to the phase and symmetry of the super-
conducting order parameter. A hallmark of triplet pairing is
the potential for a Josephson current that depends distinctly on
the orientation of an in-plane magnetic field. Phase-sensitive
measurements, such as those employing SQUID interferome-
ters, could in principle detect an anomalous phase shift if the
order parameter has an odd-parity component.

Probing the bulk superconducting gap requires more
bulk-sensitive techniques, such as soft x-ray ARPES or hard x-
ray photoemission spectroscopy (HAXPES). Transport mea-
surements can also reveal triplet superconductivity, as the bulk
signal dominates over surface contributions. Surface-parallel
channels may broaden the resistive transition or leave a resid-
ual resistance, but the emergence of a zero-resistance state
remains a definitive indicator of bulk superconductivity. To
disentangle surface and bulk contributions, standard van der
Pauw measurements on samples of varying thickness can be
employed; the bulk-dominated signal should saturate beyond
a certain thickness.

The parent compound NbSe, exhibits charge density
wave (CDW) order due to electron—phonon interactions. In the
CDW state, time-reversal, Cs;, Cyy, and mirror symmetries are
preserved, which supports the interlayer triplet superconduc-
tivity in twisted bulk NbSe, with CDW order. Nevertheless,
the CDW may affect the superconducting transition temper-
ature, and the interplay between CDW and interlayer triplet
pairing remains a topic for future theoretical and experimental
exploration.

Finally, we note that the discussion above considers
only the non-interacting pairing mechanism. In twisted bulk
NbSe,, electron correlations can stabilize distinct correlated
states. For example, a valley-polarized state that breaks
time-reversal symmetry or a nematic state that breaks Cjs,
symmetry removes the constraints on one-dimensional irre-
ducible pairings. Consequently, electron interactions may in-

duce a mixture of interlayer triplet and other pairing channels,
while dressed electron-phonon interactions further influence
the robustness of the superconducting phase against compet-
ing charge orders.

4. Conclusion

In summary, we have investigated three-dimensional flat
bands in the alternating twisted NbSe, moiré bulk using first-
principles calculations. In contrast to twisted bilayer systems,
each layer in the moiré bulk experiences stronger interlayer

interactions. Our results reveal that the moiré bulk under-

goes spontaneous large-scale structural relaxation and exhibits
remarkably flat energy bands when the twist angle is below
7.31°. The flat bands in these moiré bulks exhibit pronounced
k,-dependence, confirming the existence of three-dimensional
flat bands in the alternating twisted NbSe, moiré bulk. Fur-
thermore, the out-of-plane mirror symmetry of the moiré bulk
enables a unique interlayer triplet pairing, distinguishing its
superconducting behavior from that of twisted bilayer sys-
tems.
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