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Electronic materials with a flat-band provide a fertile foundation for exploiting emerging quantum phenomena.
Progress has been made in various two-dimensional (2D) systems, especially in a geometric frustrated kagome
lattice system and a moire superlattice system for the study of unconventional superconductivity. However,
intrinsic superconductivity has not yet been reported in 3D flat-band systems. The orbital degree of freedom
might bring new vitality into the field of flat bands and superconductivity. Here, we propose an orbital-designed
3D flat-band model and its realization in various materials containing degenerate p-electrons, d-electrons,
or molecular orbitals. More importantly, the possibility of superconductivity in some of these 3D flat-band
materials, e.g., K2Pb and K2Bi, is revealed via first-principles calculations. Interestingly, these are intrinsically
multiband superconductors. Our findings would expand the scope of flat-band studies, shedding light on the
exploration of interacting effects and emerging quantum phases in 3D materials.
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Introduction. The intriguing phenomenon of flat-bands is
characterized by a complete absence of dispersion in momen-
tum space due to destructive wave interference. In flat-bands,
the kinetic energy is suppressed, making electron-electron
interactions dominant. As a result, exploring the interaction
effects and unconventional superconductivity in a flat-band
system is emerging as a new frontier in fundamental physics
[1–9]. In recent years, flat-bands have been experimentally
observed in layered materials, such as Fe3Sn2 [10], CoSn
[11,12], and CsV3Sb5 [13,14], possessing frustrated kagome
lattices. Moreover, partially filled flat-bands have been exper-
imentally manipulated in the twisted graphene superlattices,
exhibiting Mott-insulating phases and unconventional super-
conductivity [15,16]. Although progress has been made in
these two-dimensional (2D) systems, it is still a challenge to
realize the high-temperature superconductivity based on an
unconventional flat-band, rendering the relationship between
the two still mysterious.

Note that the relatively low carrier density in twisted lay-
ered systems, and the thermal fluctuations in the 2D limit,
would conflict with the realization of long-range ordering at
elevated temperature. The 3D system would be a prospective
foundation for the study of electronic flat-bands and to further
enhance the transition temperature of emerging interaction
phases [17]. For example, the 3D pyrochlore lattice stands
out as a support for completely flat-bands and the realization
of ferromagnetism [18–20] and superconductivity when the
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flat-band is partially filled via doping [21]. However, intrinsic
superconductivity in a 3D flat-band system has not yet been
reported, largely due to the lack of proper material realization.
The underlying reason is that the realistic 3D flat-band model
is relatively rare based on a conventional lattice geometric
frustration mechanism [10–28]. In addition to the geometric
frustration, the orbital degree of freedom provides a new
perspective for the realization of flat-bands [29–32]. By the
way, it has been verified that several kagome systems are
multiorbital superconductors [14,33,34], and a multi orbital
model is necessary to reveal the hidden higher-order topolog-
ical phase in a MoS2 monolayer [35]. We proposed that the
orbital degree of freedom be conducive to the design and real-
ization of flat-bands beyond the existing geometric frustration
models.

In this Letter, we present an orbital-designed 3D flat-band
model in the face-centered-cubic (fcc) structure. By consider-
ing threefold-degenerate orbitals at the 4a Wyckoff position,
we find that the highest energy band is completely flat over
the entire 3D Brillouin zone. Employing tight-binding (TB)
modeling and first-principles density-functional-theory (DFT)
calculations, we uncover that this kind of 3D flat-band can
be realized in many materials beyond the existing flat-band
database [36]. For examples, it widely exists in conventional
alkali-metal chalcogenides K2X (X = S, Se, or Te) with px,y,z

orbitals, compounds like Rb(BH)3 with degenerate molecular
orbitals, and alloy materials including K2Pb and K2Bi with
degenerate t2g orbitals (dxy, dxz, dyz). Our DFT calculations
reveal the possibility of multiband superconductivity in K2Pb
and K2Bi. Collectively, the central findings presented here
extend the realm of 3D flat-band studies and provide insights
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FIG. 1. Tight-binding model of a 3D flat-band based on
threefold-degenerate orbitals. (a) Geometrical structure of an fcc
lattice, which contains eight tetrahedral sites (cation site) in the unit
cell. (b) Schematic diagram of p1,2,3-orbitals on the anion represented
in blue, gold, and green, respectively (see also the xy, yz, and xz
planes). The arrows indicate the lattice vectors in each plane. (c)–(e)
Schematic diagrams of the hoppings between p-orbitals along the a1

direction. The red dashed circle donates the nearest cations.

into the exploration of unconventional superconductivity in
realistic materials.

Theoretical Model. We start with an orbital-designed three-
band TB model. Here, we consider a fcc structure consisting
of one site (anion site) per unit cell, as shown in Fig. 1(a).
The active electrons live in degenerate p-orbitals of the anion.
For convenience, px,y,z are labeled as p1,2,3 and their polar-
ization directions are aligned along the unit vectors of the
three orthogonal axes, as shown in Fig. 1(b). For each anion,
there are 12 nearest neighbors [see Fig. 1(b) and Fig. S1 of
the Supplemental Material] [37]. They lay in three orthogonal
planes (xy-, yz-, and xz-plane). In each plane, there are near-
est neighbors. Taking into consideration the electron hopping
between the nearest neighbors, there are three hopping types
in each plane: t1 describes the hopping between p-orbitals
with mutually perpendicular polarization directions; t2 and
t3 donate the hopping between the same p-orbitals, where
the p-orbitals in the t3 hopping type are perpendicular to the
hopping direction. For more details of the structure and TB
modeling, see the Supplemental Material [37].

The values of t1 and t2 are approximately equal since
they share an identical projection from the σ - and π -bonding
terms. The relative value of t1 and t3 depends on materials
and can be tuned by external pressure. A completely flat-band
appears in the case of t1 = t2 = t3 = t . The flat-band Hamil-
tonian of the TB model can be written in a symmetric format,

H =
∑

k

�
†
k hk�. (1)

The basis is �
†
k = (p†

1,k, p†
2,k, p†

3,k ) and hk expressed as

−4t

⎛
⎝
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⎞
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FIG. 2. Energy dispersion of the 3D multiorbital TB model.
(a) 3D band structure for hk with the parameters t1 = t2 = t3 = −1
and kz = 0. (b) 2D band structure along the high-symmetry direc-
tions. The inset is the Brillouin zone and high-symmetry path.

where

�1 = coskxcosky + coskzcoskx − coskycoskz, (3)

�2 = coskxcosky + coskycoskz − coskzcoskx, (4)

�3 = coskycoskz + coskzcoskx − coskxcosky. (5)

To explicitly show the flat-band, we plot the 3D band
structure of hk at kz = 0 in Fig. 2(a). There are two dis-
persive bands E (1)

k = −4t (coskx + cosky − coskxcosky) and
E (2)

k = −4t (2coskxcosky − 1), and one flat-band E (3)
k = −4t .

The dispersive bands and flat-band touch at the center of the
Brillouin zone. The bands E (1) and E (3) are energetically de-
generate along the kx = 0 and ky = 0 lines. The wave function
of the flat-band is mainly localized at the anion sites. It is em-
phasized that E (3)

k = −4t remains dispersionless at arbitrary
k points and is totally flat over the entire 3D Brillouin zone,
as shown in Fig. 2(b). The totally flat-band is attributed to
the frustrated hopping nature. The loop in Fig. S2 represents
a compact localized state and the frustrated hopping to a
neighbor orbital.

Materials Realization. The above 3D flat-band would
be widespread in materials with fcc structures. Via first-
principles calculations, we proposed several classes of materi-
als for its realization. Alkali-metal chalcogenides I2VI within
antifluorite-type structure, made from elements in the I and
VI main group, were already synthesized over nine decades
ago [38] and widely used in analytical reagents [39], the
pharmaceutical industry [40], and solid-state batteries [41]. In
antifluorite-type structure, the anions form an fcc lattice and
the cations form a simple cubic lattice. Here, we take K2Te as
an example. The optimized lattice constant of K2Te is about
5.82 Å. Figure 3(a) shows the electronic band structure and
atomic orbital projected density of states (DOS) of K2Te. The
three electronic bands at the valence edge mainly come from
the p-orbitals of a Te atom. The top bands are nearly flat in the
whole Brillouin zone with a narrow bandwidth of 57 meV, as
shown in Fig. 3(a), which is well-fitted by our TB model. The
predicted Na6S2O9 exhibit more complex structures relative
to alkali-metal chalcogenides (see Fig. S4). In Na6S2O9, there
are two types of O atoms, namely O(I) and O(II). The O(I)
atom is located at the 4a site and bonded in an octahedral
geometry to six Na atoms, while four O(II) atoms and one S
atom form a tetrahedral geometry. Three valence bands almost
come from the p-orbitals of an O(I) atom, where the topmost
band is a completely flat-band with a bandwidth of 22 meV.
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FIG. 3. Atomic and electronic structure for fcc crystals of
(a) K2Te, (b) Rb(BH)3, (c) K2Pt, and (d) K2Pb. Black solid curves
and red filled dots represent the DFT results and TB fittings,
respectively.

Molecular orbitals can also form a similar 3D flat-band
structure. For Rb(BH)3, Rb atoms occupy the 8c (0.25, 0.25,
0.25) Wyckoff position, while B and H atoms sit at (0.5,
0.5, 0.87) and (0.5, 0.5, 0.74) positions, respectively. Each
H atom is bonded to a B atom, and every six B atoms form
an octahedron, as shown in the inset of Fig. 3(b). Here, we
can consider the B octahedron and the H atoms bonded to
it as a molecule “B,” so that the chemical formula Rb(BH)3

can be transformed into the Rb2 “B,” like the alkali-metal
chalcogenides mentioned above. Figure 3(b) shows the band
structure of Rb(BH)3. Electronic bands near the Fermi level
come from the p-orbitals of B atoms. The topmost valence
band is a flat-band with a bandwidth of 49 meV. This flat-band
will become more dispersive when Rb atoms are replaced by
K or Cs atoms (see Fig. S5).

The TB model is also suitable for d-orbitals materials.
In an fcc structure, the metal atom M forms [MX8] with
eight surrounding X atoms, leading to the splitting of the
d-orbitals into t2g and eg subsets. The degenerate t2g or-
bitals (dxy, dxz, dyz) in an fcc lattice contribute an electronic
flat-band similar to the cases of degenerate p-orbitals. For
example, K2Pt metal–alkali-metal alloy is fluorite-structured
and crystallizes in the cubic Fm3m space group. Figure 3(c)
shows the orbital-projected band structures. It is clear that the
five d-orbital bands are divided into two groups separated by
a crystal-field-splitting energy. The top band from t2g orbitals
is completely flat, with a bandwidth of 38 meV. For K3Ir at
the pressure of 15 GPa, the flat-band consisting of t2g orbitals
moves away from the eg orbitals due to the larger crystal-
field-splitting energy relative to K2Pt (see Fig. S6). The K3Ir
could also be stabilized in Fm3m structure at a pressure of
15 GPa with an energy of 37 meV per atom higher than
that of the Pmnm phase [42]. In addition, in the ferromag-
netic semimetals C14Cl12H24MnN8Nb6 and BBr20K8Zr6, the
d-orbitals of Nb and Zr atoms form flat-bands (Figs. S7 and
S8), respectively. For Ca2FeH6 and Sr2FeH6, which contain
[FeH6] octahedra, we also show similar flat-band structures

FIG. 4. Phonon dispersion and Fermi surfaces of K2Pb.
(a) Phonon dispersion and phonon linewidth (represented by red cir-
cles) along a standard high-symmetry path, phonon DOS, Eliashberg
spectral function α2F (ω), and frequency-dependent electron-phonon
coupling constant λ(ω) for K2Pb. (b)–(d) Distributions of p-orbitals
on the Fermi surfaces. Red, green, and blue represent the px , py, and
pz orbitals, respectively.

(Fig. S9). Phonon calculations determine their dynamical sta-
bility (Fig. S10).

Superconductivity. Finally, we turn our attention to super-
conducting properties. It is well known that the supercon-
ducting critical temperature Tc depends exponentially on the
electronic density of states and the attractive electron-electron
interaction in conventional superconductors. In flat-band sys-
tems, the divergent density of states would give rise to a
parametrically enhanced Tc that is linear in the strength of
interaction, indicating the possibility of a robust supercon-
ducting phase. Interest in flat-band superconductivity has
surged in recent years with the experimental observation of
twisted graphene superlattices [43–49]. Although unconven-
tional superconductivity has been verified in some of these
systems, their Tc’s are relatively low. We propose here that
the Tc might be enhanced in a 3D flat-band system since ther-
mal fluctuations, which are destructive in 2D systems, would
not dominate in 3D cases. In the framework of Bardeen-
Cooper-Schrieffer (BCS) theory, we investigate the possibility
of superconductivity in K2Pb, whose flat-bands are partially
filled, as shown in Fig. 3(d). Note that for 3D flat-band
systems, the Tc achieved here from the BCS theory is just
a verification of superconductivity rather than an accurate
result.

Figure 4(a) shows the phonon-dispersion relations and the
electron-phonon linewidths of K2Pb, together with the phonon
DOS and the Eliashberg spectral functions. The stability of
K2Pb is ascertained by the nonimaginary phonon spectra. It
has a small frequency gap at around 45 cm−1, with a gap value
of about 2.4 meV. The optical-phonon modes with frequencies
of 75 cm−1 possess strong coupling with electrons. By inte-
grating α2F (ω), the electron-phonon coupling (EPC) constant
λ is equal to 0.78. Using the McMillan-Allen-Dynes formula
and setting the screened Coulomb potential μ∗ to 0.1 (0.16),
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the Tc of K2Pb is estimated to be 1.42 (0.88) K. By replacing
Pb with Bi, the Tc is enhanced to about 2.2 K (μ∗ = 0.1)
[Fig. S11(a)]. The critical temperature Tc of superconductivity
will be affected by the DOS at the Fermi level. The pressure
can basically shift the position of the flat-band relative to the
Fermi level, thereby altering the DOS and then Tc. Under
external pressure, the Tc in K2Os (5 GPa) and K2Ir (5 GPa) is
about 0.2 and 1.3 K [see Figs. S11(b) and 11(c)], respectively.
The superconducting critical temperature will be affected due
to the significant impact of the large spin-orbit coupling ef-
fects on the flat-band structure, as shown in Figs. S12 and
S13 of the Supplemental Material. It is noteworthy that the
px,y,z-orbitals on the Fermi surfaces are evenly distributed,
confirming multiorbital (multiband) superconductivity here.
Although the superconducting transition temperatures are not
high in the framework of BCS theory, this may provide a
viable route to high-temperature flat-band superconductivity,
which is currently a subject of tremendous interest.

Discussion. Unconventional superconductivity associated
with flat-bands has recently been uncovered in various 2D
systems, including twisted graphene superlattices and layered
kagome metals [14,50,51]. However, the critical temperature
Tc is relatively low in the range of 0.9–2.5 K. In the 2D limit,
the long-range ordering would inevitably be suppressed by
thermal fluctuations. This would result in the challenge of a
further increase in the superconducting Tc despite the pres-
ence of flat-bands. In addition, some layered kagome metals
are experimentally revealed as multiband superconductors in
which van Hove singularities at the Fermi level play a pre-
dominant role, indicating that a single-orbital flat-band might
not directly engage in superconductivity [52,53]. It would be
worthwhile to continue to explore how a flat-band can be
used to enhance superconductivity. The 3D materials with
partially filled flat-bands would provide a strong foundation
for the exploration of unconventional superconductivity. Al-
though the Tc of unconventional superconductivity might not
be accurately estimated in the BCS framework, the desired

superconductivity directly driven by a 3D flat-band was some-
how verified in the alloys, such as K2Bi, K2Pb, K2Os, and
K2Ir. In addition, these 3D flat-band materials are beyond the
reported flat-band database [36].

Conclusions. We have proposed an orbital-designed 3D
flat-band model and its material realization of superconduc-
tivity. In this theoretical model, the electronic band exhibits
complete flatness throughout the 3D Brillouin zone due to the
destructive interference between the degenerate orbitals rather
than the conventional lattice geometric frustration. Taking
advantage of the prevalence of degenerate valence electrons
in elements and the common fcc structure, the proposed flat-
band exists in several classes of materials with degenerate
px,y,z-orbitals, t2g-type d-orbitals, or effectively molecular or-
bitals around the electron Fermi level. In some alloys, the
flat-band is partially filled by the d-electrons. BCS theory
is adapted to estimate the interaction strength and the possi-
bility of superconductivity in K2Bi, K2Pb, K2Os, and K2Ir
as concrete examples. These findings not only extend the
realm of 3D flat-band studies, but they also offer promising
opportunities for the experimental observation of flat-bands
and superconductivity in realistic materials.

Note added. After the submission of this Letter, a report
appeared on the experimental realization of a 3D flat-band and
its superconductivity via heavy doping [21], while the real-
ization of intrinsic superconductivity in 3D flat-band material
remains a challenge.
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