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room-temperature
superconductor? electronic-structure features
assessed via the flat/steep band model

Guoliang Liu,abc Xiyue Cheng, *ac Minwei Xiang,abc Zhian Liabc

and Shuiquan Deng *ac

The recent claim of room-temperature superconductivity in copper-doped lead apatite Pb10−xCux(PO4)6O

(0.9 < x <1.1) (LK-99) has stimulated widespread research, yet experimental validations consistently attribute

its resistivity drops to impurities and find no evidence of zero resistivity and Meissner effect. To clarify the

electronic properties of this system, we conduct systematic first-principles calculations incorporating

multi-Cu doping configurations of Pb9Cu(PO4)6O beyond previously studied single substitutions. Our

results demonstrate that while certain single-Cu models exhibit metallicity, all proposed structures,

including double-Cu-doped supercells and c-axis chain models, display extremely narrow bandwidths

(#0.25 eV) and a lack of steep dispersive bands near the Fermi level. These features, incompatible with

the flat/steep band model of superconductivity, along with the absence of characteristic electronic

structures found in known superconductors, strongly suggest that LK-99 derivatives are not

superconducting.
1. Introduction

The quest for room-temperature superconductivity at ambient
pressure is one of the most signicant challenges in condensed
matter physics, promising revolutionary advancements in
energy transmission1 and quantum computing.2 While the
discovery of superconductivity dates back to 1911 3, our under-
standing has been signicantly advanced by key discoveries in
the eld, such as high-temperature cuprate superconductors,4

iron-based superconductors,5 and more recently nickelate
superconductors.6 Despite these milestones, the goal of a prac-
tical, room-temperature superconductor has remained elusive.
Recently, Lee et al.7,8 ignited an intense debate by claiming
superconductivity above 400 K in copper-substituted lead
apatite, Pb10−xCux(PO4)6O (0.9 < x <1.1) (LK-99) at ambient
conditions. However, many researchers remain doubtful about
its precise crystal structure and superconductivity.

In the past two years, many experimental groups have re-
ported the successful synthesis of LK-99, but failed to reproduce
the room-temperature superconductivity of LK-99. For instance,
Puphal et al.9 grew single crystals of Pb10−xCux(PO4)6O (x z 1)
using the traveling solvent oating zone (TSFZ) method. They
observed highly insulating behavior and extremely weak
and Devices, Fujian Institute of Research
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, Fujian Normal University, China

my of Sciences, China

35
diamagnetism, with a volume susceptibility of only −1.452 ×

10−4—far from the theoretical value of −1 for ideal supercon-
ductors—and display an uneven distribution of substituted Cu.
Similarly, Zhang et al.10 synthesized the Pb9.06(7)Cu0.94(6)(-
PO3.92(4))6O0.96(3) and, through neutron diffraction and inelastic
neutron scattering, revealed minimal Cu substitution on the
Pb2 (4f) site, with most Cu occupying the Pb1 (6h) site (Fig. 1).
They detected no long-range magnetic order down to 10 K, no
superconducting resonances, and no electron behavior corre-
lated with superconductivity. Interestingly, many groups have
identied Cu2S impurities in their LK-99 samples via X-ray
diffraction.9–11 Notably, Zhu et al.11 and Chen et al.12 reported
that Cu2S undergoes a rst-order structural phase transition
from hexagonal to monoclinic near 380 K, accompanied by
a sharp drop in resistivity. Lei et al.13 directly addressed this
issue by synthesizing LK-99 containing Cu2S and then chemi-
cally removing it with ammonia solution. Their comparative
analysis demonstrated that the apparent superconducting-like
resistivity drop originates from the Cu2S impurity—a conclu-
sion supported by several groups.11–13 In addition, magnetic
susceptibility measurements consistently show that LK-99
exhibits only weak diamagnetism. Although Guo et al.14

observed partial magnetic levitation and a mix of diamagnetic
and so ferromagnetic behavior in multi-phase LK-99-like
samples, the denitive Meissner effect (key evidence for
superconductivity) has not been observed, as emphasized by
Hou et al.15 and Thakur et al.16 In summary, it seems that
extensive experimental work on synthesized LK-99 has found no
evidence of room-temperature superconductivity. The observed
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Crystal structure of experimental Pb10(PO4)6O, illustrating the coordination polyhedron of Pb1O16O22 and Pb2O9. (b) Crystal structure
of defect-free Pb10(PO4)6O model, showing the Pb1O6 and Pb2O9 coordination polyhedrons. (c) and (d) Band structure of defect-free
Pb10(PO4)6O model (c) without and (d) with SOC effect.
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superconducting-like properties are largely attributed to Cu2S
impurities, while magnetic measurements conrm only weak
diamagnetism and a consistent absence of the Meissner
effect.17–20 Despite these collective results, Hyun-Tak Kim, one of
the original authors, still insists that LK-99 is a supercon-
ductor.21 Thus, the question of whether LK-99 is super-
conducting remains controversial within the scientic
community.

Initial DFT studies on Cu substitution in the parent
compound Pb10(PO4)6O predicted that Cu occupancy at the Pb2
(4f) site would induce at bands crossing the Fermi level (EF),
despite also indicating a thermodynamic preference for occu-
pation at the Pb1 (6h) site. Griffin22 proposed that such Pb2 (4f)
substitution might exhibit features relevant to high-TC super-
conductivity. Sun et al.23 and Lai et al.24 further suggested that
substitution at the Pb2 (4f) site metallizes the system, whereas
substitution at Pb1 (6h) results in a semiconducting or insu-
lating state. In contrast, Si et al.25 described Pb9Cu(PO4)6O as
© 2025 The Author(s). Published by the Royal Society of Chemistry
a strongly correlated Mott or charge-transfer insulator, even in
the presence of at bands crossing the EF. Celiberti et al.26

supported the insulating state, classifying it as a charge-transfer
insulator when electron correlations are considered. Yue et al.27

also suggested Mott insulating or correlated non-Fermi-liquid
metallic states, rather than superconducting behavior.
Regarding dynamic stability, harmonic phonon calculations28–30

revealed dynamic instabilities at 0 K in both undoped and Cu-
doped compounds. However, Kim et al.31 employed anhar-
monic calculations and reported dynamic stability at room
temperature. Liu et al.32 emphasized that symmetry breaking is
essential for realizing the insulating state in doped lead apatite,
thereby correcting their earlier metallic predictions.24 Support-
ing this, Li et al.33 demonstrated that the intrinsic triclinic P1
symmetry of LK-99 leads to semiconducting behavior, while the
P3 symmetry is linked to correlated electronic states. Finally, Bai
et al.34 incorporated spin–orbit coupling (SOC) and conrmed
the semiconducting nature of LK-99 in magnetic phases. Thus,
RSC Adv., 2025, 15, 51124–51135 | 51125
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although a number of theoretical studies incorporating electron
correlations, SOC, and symmetry breaking strongly suggest that
LK-99 is an insulator or correlated semiconductor (challenging
the experimentally reported superconductivity by Kim et al.7,8),
several studies still support the possibility of superconducting
behavior. Therefore, whether LK-99 is a superconductor
remains controversial.

In recent years, a “at/steep band model” has been proposed
from a chemical perspective to explain electron pairing and
superconductivity in metals.35–39 According to this model, the
coexistence of a at band and a steep band near the EF, along
with peaked electron–phonon coupling structures, constitutes
a key electronic feature of superconducting materials. This
model has not only provided an important theoretical basis for
the discovery of new superconductors—such as the super-
conducting transition in boron-doped diamond40—but has also
been successfully applied to explain the superconducting
mechanisms in a variety of systems, including Hg,41 Ca,42 Te,43

CaC6,44 and MgB2.45,46 Given the ongoing controversy
surrounding LK-99, it is essential to examine its electronic
structure through the lens of the at/steep band model to
evaluate its potential superconductivity.

In this study, we systematically investigated the structural
and electronic properties of Pb9Cu(PO4)6O derivatives with
various Cu doping congurations using DFT+U and SOC
calculations. A series of structural models—including both
single and double Cu doping—were constructed and evaluated
based on their band characteristics near the EF. Our results
consistently show extremely narrow bandwidths (#0.25 eV)
across all congurations, with the largest value observed in a c-
axis-aligned double Cu-doped chain model. These bandwidths
are signicantly smaller than those of known conventional and
unconventional superconductors, and the electronic structures
lack the necessary coexistence of at and steep bands required
for superconductivity. We therefore conclude that Pb9-
Cu(PO4)6O is unlikely to exhibit superconducting behavior
under the current structural models.

2. Computational details

The structural optimization and electronic properties of the
Pb10(PO4)6O and Pb9Cu(PO4)6O were calculated within the
framework of DFT47,48 by using the Vienna Ab initio Simulation
Package (VASP)49,50 with the projector augmented wave (PAW)
method.51 The generalized gradient approximation (GGA)
within the Perdew–Burke–Ernzerhof (PBE)-type exchange-
correlation potentials52 was used throughout this work. The
employed PAW-PBE pseudopotentials of Pb, Cu, P and O treat
6s25d106p2, 3d104s1, 3s23p3 and 2s22p4 as valence states,
respectively. The cutoff energy for the expansion of wave func-
tions in plane waves was set as 600 eV and the tetrahedron
method with Blöchl corrections was utilized in the integrations.
The Brillouin zone integrations were carried out using Mon-
khorst–Pack k-point meshes of dimensions 7 × 7 × 6, 6 × 6 × 4,
and 2 × 4 × 5 for the 1 × 1 × 1 unit cell, the 1 × 1 × 2 supercell,
and the 2 × 1 × 1 supercell of Pb9Cu(PO4)6O, respectively.
Electron correlation effects were treated using the L(S)DA+U
51126 | RSC Adv., 2025, 15, 51124–51135
approach, with Hubbard U = 5.00 eV and exchange parameter J
= 1.00 eV applied to the Cu-3d states, which aligns with values
used in some DFT+U investigations of LK-99.22,28,30,32–34

3. Results and discussion
3.1 Undoped Pb10(PO4)6O

The experimental Pb10(PO4)6O crystalizes in a hexagonal struc-
ture (P63/m) with two types of inequivalent Pb atoms: six Pb1
(6h) and four Pb2 (4f) sites (Fig. 1a). The structure also contains
one type of P atoms and two types of O atoms. The rst type of O
atoms forms a PO4 coordination polyhedron by bonding with
the P atom. Notably, the second type of O atom, situated at the
4e site, is only 1/4 occupied and does not directly bond with any
P atom. To handle the partial occupancy of O2 at the 4e site, we
constructed a defect-free Pb10(PO4)6O model using a supercell
program53 that systematically samples symmetry-inequivalent
congurations. The candidate structures were screened based
on electrostatic energy considerations, and the most stable
symmetric arrangement was selected for further study. This
approach effectively converts the fractional oxygen site into
a xed, integer-occupied position while preserving the struc-
tural symmetry and minimizing coulombic interactions. As
shown in Fig. 1b, the defect-free Pb10(PO4)6O model crystalizes
in a trigonal structure (P3) with six different Wyckoff sites of Pb
atoms (provided in Table S2). To concisely describe the Pb
atoms in the crystal structure, we classify the six Pb atoms
occupying the 3d Wyckoff sites as the rst type (Pb1), and the
four Pb atoms at other Wyckoff sites as the second type (Pb2).
Each Pb1 atom is coordinated by six oxygen atoms, forming
a Pb1O6 polyhedron. Among the six Pb1-centered polyhedron in
the unit cell, three are coordinated exclusively by O1 atoms,
while the remaining three each contain ve O1 atoms and one
extra-O atom. In contrast, each Pb2 atom is coordinated by nine
O1 atoms, forming a Pb2O9 polyhedron. The lattice constants
and space groups for the undoped and the defect-free 1 × 1 × 1
Pb10(PO4)6O model is provided in Tables S1 and S2. Subsequent
structural optimization of the defect-free model resulted in
a negligible increase in lattice constants and a modest expan-
sion of the unit cell volume by 3.94%. The optimization process
led to subtle changes in the Pb–O coordination environments.
The Pb1O16O22 coordination polyhedron present in the undo-
ped structure is transformed into a Pb1O6 coordination poly-
hedron in the defect-free model, with an average bond length
shiing from 2.635 Å to 2.611 Å. Simultaneously, while the
Pb2O9 coordination polyhedron was preserved, its average bond
length increased from 2.721 Å to 2.764 Å. These minimal
changes in structural parameters validates the accuracy of the
defect-free model.

Given the strong SOC effect inherent to the heavy Pb
element, we explicitly incorporated SOC into our calculations to
achieve a more accurate description of the electronic properties.
We performed electronic structure calculations for Pb10(PO4)6O
using both the PBE and SOC methods to evaluate the impact of
SOC on the electronic properties. Our PBE calculations (Fig. 1c)
conrm that Pb10(PO4)6O is an insulator, revealing an indirect
band gap of EPBEg = 2.76 eV from L to M, which is in excellent
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structural parameters and total energies of Cu-doped
Pb10(PO4)6O configurations after full relaxation, including number of
atoms, space group, and total energy per atom

Model Number of atoms Space group
Total energy
(eV per atom)

mod1-00 41 P1 −6.494
mod1-01 41 P1 −6.492
mod2-00 41 P3 −6.485
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agreement with previous DFT studies.23,24 The band gap of
Pb10(PO4)6O is further calculated by HSE06 to be 3.89 eV,
consistent with the ∼3.8 eV value reported by Cabezas-Escares
et al.28 The inclusion of SOC (Fig. 1d) leads to a band struc-
ture that is qualitatively similar to the PBE result; however, it
causes a reduction in the band gap to ESOCg = 2.54 eV (from H to
A). PBE calculations show that the two bands near the EF split
into four bands in SOC calculations, with a slight increase in
bandwidth. These bands are composed mainly of O-2p states
and a small part of Pb-6s and Pb-6p states. The density of states
(DOS) analysis (Fig. S1a and S2) provides further insight into the
electronic structure. The top of the valence band consists
mainly of O-2p states and a small part of Pb-6s and Pb-6p states,
while the bottom of the conduction band consists mainly of Pb-
6p and O-2p states. Furthermore, the analysis of the crystal
orbital Hamiltonian population (COHP) (Fig. S1b) reveals
a pronounced P–O bonding interaction near −5 eV, resulting
from hybridization between P-3p and O-2p orbitals, while the
strong antibonding P–O interaction is observed in the conduc-
tion band (CB) between 8 eV and 10 eV. Notably, the top of the
valence band (VB, from −3.5 eV to EF) is predominantly
composed of nonbonding O-2p states, with negligible contri-
butions from either bonding or antibonding P–O or Pb–O
interactions. Throughout both the VB and CB, Pb–O interac-
tions remain weak, exhibiting only minor bonding and anti-
bonding character.
mod2-01 41 P3 −6.480
mod2-02 41 P3 −6.480
mod2-03 41 P3 −6.485
mod3 82 P1 −6.492
mod4 82 P3 −6.485
mod5 82 P3 −6.486
mod6 82 P3 −6.482
mod7 82 P1 −6.490
mod8 82 P1 −6.496
3.2 Model construction

Considering the presence of two distinct Pb sites and a partially
occupied oxygen site (O, occ. = 0.25) in Pb10(PO4)6O, we con-
structed various Cu substitution models using supercells of
different sizes to systematically explore possible doping
congurations. A schematic illustration of the model
Fig. 2 Schematic illustration of the construction process for the Cu dop

© 2025 The Author(s). Published by the Royal Society of Chemistry
construction workow is presented in Fig. 2. The substitution at
the Pb1 (6h) site within a 1 × 1 × 1 unit cell initially yielded 24
distinct congurations. Symmetry analysis revealed that only
two of these are unique, labelled as mod1-00 and mod1-01.
Similarly, substitution at the Pb2 (4f) site within a 1 × 1 × 1
unit cell initially generated 16 congurations, which were
reduced by symmetry to four unique structures, designated as
mod2-00, mod2-01, mod2-02, and mod2-03. From each set of
unique congurations, we selected the lowest-energy structure
(mod1-00 for Pb1 substitution and mod2-00 for Pb2 substitu-
tion, see Table 1 and Fig. 4a and b) as representative models for
electronic structures analysis (Fig. 4 and 5).

Furthermore, to systematically explore double Cu substitu-
tions at distinct Pb sites, we constructed six additional models
(mod3–mod8) using 1 × 1 × 2 and 2 × 1 × 1 supercells. Within
ed Pb10(PO4)6O structural models.

RSC Adv., 2025, 15, 51124–51135 | 51127
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the 1 × 1 × 2 supercell, we considered two substitution
schemes: (i) one Cu at a Pb1 site and another at a Pb2 site, from
which 112 congurations were generated and the lowest-energy
structure was selected as mod3 (Fig. 6a); and (ii) both Cu atoms
at Pb2 sites, yielding 108 congurations, from which the three
most stable ones were chosen as mod4, mod5, and mod6
(Fig. 7a–c).

Moreover, in all previously reported Cu-doped models, the
possibility of Cu atoms forming one-dimensional chains has
not been considered. To explicitly address this, we constructed
2 × 1 × 1 supercells to explore such ordered arrangements.
Substituting two Cu atoms at Pb2 sites resulted in 112 distinct
congurations, from which we selected a structure exhibiting
a continuous Cu chain aligned along the c-axis, denoted as
mod7 (Fig. 8a). Similarly, for substitutions at two Pb1 sites, 282
congurations were generated, and a structure with a Cu chain
along the c-axis was identied and labeled as mod8 (Fig. 8b).
Then, we systematically analyzed the electronic structure of
each model, with particular emphasis on the region near the EF,
to evaluate whether their band structures satisfy the criteria of
the at/steep band model of superconductivity.

We have simulated the XRD patterns for all proposed
structural models using VESTA.54 The experimental XRD pattern
for Pb7.629Cu2.371(PO4)6O is downloaded from the ICSD (collec-
tion code 175670). As shown in Fig. 3, the simulated XRD
patterns of the Cu-doped Pb2 (4f) models (mod2-00, mod4,
mod5, and mod6) are in close agreement with the experimental
XRD data. In contrast, the patterns for mod1-00, mod3, mod7,
and mod8 exhibit obvious deviations from the experimental
results, particularly with the occurrence of additional weak
peaks in the low-angle region (Fig. S5). This discrepancy may be
Fig. 3 Simulated XRD patterns for mod2-00, mod4, mod5, mod6 and th
ICSD.

51128 | RSC Adv., 2025, 15, 51124–51135
attributed to the fact that mod1-00, mod3, and mod8 all involve
Cu doping at the Pb1 (6h) sites, which may introduce local
structural changes that are inconsistent with the experimental
structure. Additionally, in mod7, the relatively short Cu–Cu
distances may lead to signicant structural distortion, further
contributing to the mismatch.
3.3 Single Cu doped 1 × 1 × 1 Pb10(PO4)6O models

The optimized crystal structures of mod1-00 and mod2-00 are
shown in Fig. 4a and b, with their lattice parameters and atomic
positions summarized in Tables S4 and S5. In these models, Cu
substitutes the Pb1 (6h) and Pb2 (4f) sites, respectively. A key
structural difference lies in the Cu–O coordination environ-
ment: in mod1-00, the Cu atom is four-coordinated, forming
a CuO4 polyhedron with Cu–O bond lengths ranging from 1.93
to 2.07 Å. In contrast, the Cu atom in mod2-00 is six-
coordinated, forming a distorted CuO6 octahedron with
longer and more dispersed Cu–O bonds (2.06–2.62 Å), sug-
gesting signicantly weaker Cu–O interactions.

To comprehensively evaluate the electronic properties of
both models, we performed calculations using ve different
approaches: standard PBE (non-spin-polarized), spin-polarized
PBE, PBE+U, with SOC, and with both SOC and U (SOC+U), as
summarized in Fig. 4c and d. A clear contrast emerges between
the two models. mod1-00 exhibits insulating/semiconducting
behavior with band gaps measured at the L point as follows:
EPBEg = 0.43 eV, Esping = 0.61 eV, Eg

spin+U= 0.89 eV, ESOCg = 0.62 eV
and Eg

SOC+U = 0.91 eV. The smallest gap (0.43 eV) is given by
standard PBE, while the largest (0.91 eV) is obtained with
SOC+U—a difference of approximately 0.48 eV. Notably, all
e experimentally reported XRD pattern for Pb7.629Cu2.371(PO4)6O from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Crystal structure of the mod1-00 configuration, highlighting the Cu-centered O coordination environment (CuO4 polyhedron). (b)
Crystal structure of mod2-00, featuring the corresponding CuO6 polyhedron. (c) Band structure of mod1-00 and (d) mod2-00 at five different
levels: standard PBE (non-spin-polarized), spin-polarized PBE, spin-polarized PBE+U, SOC, and SOC+U.
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computed band gaps for mod1-00 are signicantly smaller than
that of the defect-free Pb10(PO4)6O (ESOCg = 2.54 eV), indicating
that Cu substitution substantially reduces the band gap and
modies the electronic structure.

To elucidate the origin of the band gap reduction in mod1-
00, we analyzed its DOS (Fig. S3(a)). The VB is mainly
composed of hybridized states from extra-O, Cu, O, and to
a lesser extent, Pb1 atoms. Notably, the CBM is formed by a very
at band just above the EF, which mainly consists of Cu states.
This nding directly implicates Cu substitution in introducing
in-gap states that reduce the band gap. At higher energies (∼3
eV), the conduction band resembles that of defect-free
Pb10(PO4)6O, dominated by O and Pb states, indicating that
the inuence of Cu doping is primarily conned to energies
near the EF.

In sharp contrast, mod2-00 exhibits two at bands crossing
the EF, indicative of metallic behavior. This nding is consistent
with recent r2SCAN calculations by Sukhenko et al.55 on Pb9-
Cu(PO4)6O, where the Cu doping approach aligns with that
employed in our mod2-00 model. Notably, both their r2SCAN
results and our PBE+U calculations yield broadly similar band
structures. These at bands are also predominantly contributed
by O and Cu states (Fig. S3(b)). Such at bands at the EF have
been previously proposed in DFT studies of LK-99 as a potential
signature of superconductivity.22 However, the extremely narrow
bandwidth of these crossing bands (only 0.12 eV) makes them
unlikely to support superconductivity.

Furthermore, we nd that symmetry breaking dramatically
alters the electronic structure of mod2-00. When symmetry
© 2025 The Author(s). Published by the Royal Society of Chemistry
constraints are removed (ISYM = 0), a band gap of 0.16 eV
opens, indicating a transition to an insulating state. This gap
opening arises from lied orbital degeneracies and electronic
state redistribution under reduced symmetry, which eliminates
the band crossings present in the symmetric case (ISYM= 2). As
shown in Fig. 5a and b, the bands crossing the EF under
symmetric conditions and the lowest conduction band in the
symmetry-broken case are primarily derived from hybridized
Cu-3d (dxy, dyz, dxz) and O-2p orbitals, with a minor contribution
from the partially occupied extra-O-2p states. In contrast, the
two valence bands between −0.6 eV and −0.1 eV are dominated
by extra-O-2px and extra-O-2py states, consistent with the DOS
results in Fig. S4 and in agreement with previous reports.32

These results demonstrate that symmetry breaking induces
a metal–insulator transition in mod2-00. Under reduced
symmetry, no bands cross the EF, suggesting that the system is
more likely to be an insulator rather than a superconductor.
This sensitivity to symmetry conditions underscores the
importance of considering structural relaxations and symmetry-
breaking effects in evaluating the electronic ground state of
candidate materials.
3.4 Double Cu doped 1 × 1 × 2 Pb10(PO4)6O models

Fig. 6 illustrates the crystal structure and electronic properties
of mod3, in which two Cu atoms substitute on one Pb1 and one
Pb2 site, respectively. The structure features two distinct CuO4

coordination units, with average bond lengths of 2.02 Å and
2.01 Å. The shortest Cu1–Cu2 distance is 3.66 Å. Band structure
calculations reveal four at bands near the EF; however, none of
RSC Adv., 2025, 15, 51124–51135 | 51129
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Fig. 5 Band structure of mod2-00 (a) with symmetry (ISYM = 2) and (b) without symmetry (ISYM = 0).
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them cross it, and the system exhibits an extremely narrow band
gap of Eg

spin+U = 0.038 eV. DOS analysis indicates that these at
bands are predominantly composed of O-2p and Cu-3d states,
with a minor contribution from extra-O-2p orbitals. Approxi-
mately 0.5 eV below the EF, the states are mainly derived from
extra-O-2p and Pb1-6s orbitals, with a small contribution from
Pb1-6p states. Between −1.0 eV and −0.7 eV, the electronic
states consist of a hybrid of O-2p and extra-O-2p orbitals, along
with a modest contribution from Pb2-6s states. Taken together,
these electronic features, particularly the nite band gap,
indicate that mod3 behaves as an insulator rather than
a superconductor.
Fig. 6 (a) Crystal structure of mod3 and the Cu1O4 and Cu2O4 polyhed

51130 | RSC Adv., 2025, 15, 51124–51135
Fig. 7 displays the crystal structures and electronic proper-
ties of mod4, mod5, and mod6, all of which involve double Cu
substitutions at Pb2 sites. Each model contains two CuO6

octahedra with slightly varying average bond lengths: 2.28 Å and
2.27 Å in mod4, 2.28 Å and 2.24 Å in mod5, and 2.25 Å and 2.24
Å in mod6 (Fig. 7a–c). The shortest Cu–Cu distances are 6.71 Å
in mod4, 5.70 Å in mod5, and 3.26 Å in mod6. Electronic
structure analysis shows that all three models exhibit at bands
crossing the EF, primarily composed of Cu-3d and O-2p orbitals,
with a minor contribution from extra-O-2p states. A notable
distinction lies in the number of bands crossing the EF: mod4
and mod5 each have only one band crossing near the K point,
ron. (b) Calculated band structure and PDOS of mod3 within LSDA+U.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a–c) Crystal structures of mod4, mod5, and mod6, respectively, with their corresponding Cu-centered coordination polyhedron
highlighted. (d–f) Calculated electronic band structures and PDOS for mod4, mod5, and mod6, respectively.
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whereas mod6 features four such bands. In addition, mod4 and
mod5 each host two non-crossing at bands above the EF. PDOS
results further conrm a substantially higher DOS at the EF in
mod6 compared to mod4 and mod5. As illustrated in Fig. 7c,
this electronic behavior can be attributed to the structural
characteristic of mod6, which contains Cu2O9 polyhedron with
© 2025 The Author(s). Published by the Royal Society of Chemistry
three O-bridged Cu1–O–Cu2 and the shortest Cu–Cu distance
(3.26 Å) among the three models.

The bandwidth of the EF-crossing at bands remains
consistently narrow (∼0.10 eV) across all three models (Fig. 7d–f
and Table 2), showing no enhancement compared to mod2-00.
This indicates that double Cu substitution at Pb2 sites within a 1
RSC Adv., 2025, 15, 51124–51135 | 51131
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× 1 × 2 supercell does not lead to broader bandwidths. The
corresponding effective electron mass in these bands is excep-
tionally high, suggesting strongly localized carriers, consistent
with electronic connement and lack of dispersion. Given the
absence of steep bands crossing the EF, these electronic struc-
tures are incompatible with the at/steep band model required
for superconductivity. Therefore, it is highly unlikely that mod4,
mod5, or mod6 support superconducting behavior.
3.5 Double Cu doped 2 × 1 × 1 Pb10(PO4)6O model

Within the 2 × 1 × 1 supercell, we selected two structural
models, mod7 and mod8, both capable of forming one-
dimensional Cu–Cu zig-zag chains along the c-axis, with the
aim of enhancing metallic behavior and inducing distinctive
electronic features near the EF. In mod7, the zig-zag chain
exhibits alternating Cu–Cu distances of 3.36 Å and 4.57 Å. The
chain is composed of Cu2O7 units formed by corner-sharing
CuO4 polyhedron, which are further bridged by PO4 groups,
as illustrated in Fig. 8a. In mod8, the chain similarly consists of
corner-sharing CuO4 units forming Cu2O7 motifs; however,
these units are not connected via PO4 tetrahedra. This structural
distinction results in a nearest-neighbor Cu–Cu distance of 3.58
Å and a second-nearest-neighbor distance of 5.83 Å (Fig. 8b).
Furthermore, the average Cu–O bond lengths in the CuO4

polyhedrons are 2.011 Å and 2.034 Å in mod7, and 2.016 Å and
2.028 Å in mod8, indicating very similar local coordination
environments between the two models.

Electronic structure calculations (Fig. 8c and d) reveal two
bands crossing the EF in both mod7 and mod8, primarily derived
from hybridized Cu-3d, O-2p, and extra-O-2p orbitals. Notably,
mod8 exhibits an additional at band located approximately
0.5 eV above the EF, dominated by Cu1-3d and extra-O-2p states.
Although the bandwidths of the Fermi-crossing bands in mod7
andmod8 (up to 0.25 eV) show some increase compared to that of
mod2-00 (0.12 eV), they remain narrow and indicative of strong
electron localization. The absence of signicant dispersion near
Table 2 Bandwidths and DOS near the EF for the proposed structural m
superconductors for comparison

Model and compounds Bandwidth (eV) DOS

mod2-00 ∼0.12 eV 12.35
mod4 ∼0.14 eV 0
mod5 ∼0.11 eV 18.55
mod6 ∼0.08 eV 90.28
mod7 ∼0.20 eV 11.86
mod8 ∼0.25 eV 12.60
Cu metal ∼5.5 eV —
Ni metal ∼5.0 eV —
YBa2Cu3O7 ∼2.0 eV ∼8.0
Bi2Sr2CaCu2O8 ∼3.0 eV —
HgBa2Ca2Cu3O8 ∼3.6 eV —
La3Ni2O7 ∼3.5 eV —
CeCu2Si2 ∼1.4 eV —
b-(BEDT-TTF)2IBr2 ∼0.5 eV ∼5.0
LaH10 ∼8.0 eV —
Y2O2.125Bi ∼1.3 eV —

51132 | RSC Adv., 2025, 15, 51124–51135
EF, coupled with the lack of simultaneous at and steep band
features as required by the at/steep band model of supercon-
ductivity, suggests that these systems are unlikely to support
superconducting behavior. Thus, despite the structural variation
and the formation of extended Cu–O chains, the electronic char-
acteristics of mod7 and mod8 remain inconsistent with those of
conventional superconductors.
3.6 Discussion

Our computational results indicate that Cu-doped Pb10(PO4)6O
structural models consistently exhibit at bands near the EF.
Across all models studied, these bands display extremely narrow
bandwidths (ranging from 0.08 eV to 0.25 eV, Table 2) and exhibit
minimal dispersion. The DOS at EF values are notably high and
signicantly exceed those of known superconductors, which
provides clear quantitative evidence for the extremely at nature of
the bands near EF. From a band structure perspective, such
features correspond to very high effective electron masses, indi-
cating strongly localized carriers with limited mobility. Moreover,
the signicant energy separation between these at bands and the
conduction band minimum renders interband electronic transi-
tions highly unfavorable. Notably, such pronounced at, non-
dispersive bands are not characteristic of conventional metals or
established high-temperature superconductors. As summarized in
Table 2, typical bandwidths of knownmetallic or superconducting
systems are substantially broader. For instance, the Fermi-
crossing bandwidth in Cu metal reaches ∼5.5 eV,56 while those
in cuprate and nickelate superconductors range between 2.0–
3.6 eV.57–60 Even among unconventional superconductors with
inherently narrower bands, such as the heavy-fermion compound
CeCu2Si2 (∼1.4 eV)61 and the organic superconductor b-(BEDT-
TTF)2IBr2 (∼0.5 eV),62 the reported values remain several times
larger than those computed here. Similarly, the bandwidths of
pressurized LaH10

63 and Y2O2.125Bi64 are considerably wider.
Our calculations further reveal that increasing the system

size does not substantially enhance bandwidth or dispersion.
odels in this work, along with representative metals and conventional

at EF (spin up)
DOS at EF (spin
down) References

0 This work
0
0
30.92
8.36
15.53
— 56
— 56

(Total) — 57
— 58
— 59
— 60
— 61

(Total) — 62
— 63
— 64

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a and b) Crystal structures of mod7 and mod8, respectively, both exhibiting one-dimensional zig-zag Cu–Cu chains along the c-axis. (c
and d) Corresponding band structures and PDOS for mod7 and mod8, respectively.
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Models within the 1 × 1 × 2 supercell (mod4-mod6) show no
noticeable improvement compared to the 1 × 1 × 1 case
(mod2). Although the 2 × 1 × 1 supercell models (mod7 and
mod8) exhibit a modest increase in bandwidth, approximately
doubling that of mod2, the values remain critically low (#0.25
eV). The resulting electronic dispersion remains insufficient to
support superconducting behavior.

In conclusion, the extreme atness and narrow bandwidth of
the bands near the EF across all Cu-doped Pb10(PO4)6O models
are incompatible with the “at/steep band”model proposed for
superconductivity. These electronic features, coupled with the
absence of steeply dispersive carriers, suggest that LK-99 is
highly unlikely to exhibit superconductivity, whether conven-
tional or unconventional in nature.
4. Conclusion

Based on a DFT+U and SOC study of Cu-doped Pb10(PO4)6O
systemswith various doping congurations and supercell sizes, we
found that LK-99 is highly unlikely to exhibit superconducting
behavior. Our calculations reveal that all 8 proposed structural
models, including those with single and double Cu substitutions,
different Pb site preferences, and extended Cu–Cu chain motifs,
© 2025 The Author(s). Published by the Royal Society of Chemistry
consistently exhibit extremely narrow bandwidths (#0.25 eV)
crossing the EF. These non-dispersive electronic states imply
strongly localized carriers with high effective mass and severely
limited mobility, which are incompatible with the conventional
metallic behavior prerequisite for superconductivity. Furthermore,
the electronic structures lack the essential combination of at and
steep bands, and instead show a tendency toward insulating or
weakly metallic ground states. Notably, even models with inten-
tionally designed one-dimensional Cu–Cu zig-zag chains along the
c-axis fail to produce substantial band dispersion or enhanced
DOS at the EF. Comparative analysis with established conventional
and unconventional superconductors conrms that the band-
widths in LK-99 are consistently less than 10% of those observed
in known cuprate superconducting systems. In light of these
results, LK-99 does not satisfy the electronic structure criteria
required for either conventional or high-temperature
superconductor.
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