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First-principles study on the electronic structure of Pb10−xCux(PO4)6O(x=0,1)

Abstract
Recently, Lee et al. reported the experimental discovery of room-temperature ambient-pressure
superconductivity in a Cu-doped lead-apatite (LK-99). Remarkably, the superconductivity persists
up to 400 K at ambient pressure. Despite strong experimental evidence, the electronic structure of
LK-99 has not yet been studied. Here, we investigate the electronic structures of LK-99 and its
parent compound using first-principles calculations, aiming to elucidate the doping effects of Cu.
Our results reveal that the parent compound Pb10(PO4)6O is an insulator, while Cu doping induces
an insulator-metal transition and thus volume contraction. The band structures of LK-99 around
the Fermi level are featured by a half-filled flat band and a fully-occupied flat band. These two
flat bands arise from both the 2p orbitals of 1/4-occupied O atoms and the hybridization of the 3d
orbitals of Cu with the 2p orbitals of its nearest-neighboring O atoms. Interestingly, we observe
four van Hove singularities on these two flat bands. Furthermore, we show that the flat band
structures can be tuned by including electronic correlation effects or by doping different elements.
We find that among the considered doping elements (Ni, Cu, Zn, Ag, and Au), both Ni and Zn
doping result in the gap opening, whereas Au exhibits doping effects more similar to Cu than Ag.
Our work provides a foundation for future studies on the role of unique electronic structures of
LK-99 in superconductivity.

Introduction
Superconductors are highly valued in various fields due to their unique characteristics of zero re-
sistance and perfect diamagnetism This has led experimental and theoretical scientists to tirelessly
search for high-Tc superconductors, resulting in numerous breakthroughs in the field, such as the
non-hydrogen BCS superconductor MgB2 (Tc=39 K, ambient pressure), the Cu-based unconven-
tional superconductor Hg-Ba-Ca-Cu-O system (Tc=133 K, ambient pressure), the Fe-based uncon-
ventional superconductor single-layer FeSe film (Tc=77 K, ambient pressure), and the Ni-based un-
conventional superconductor La3Ni2O7 (Tc=80 K, 14.0∼43.5 GPa). Owing to Neil Ashcroft’s sem-
inal insights that metallic hydrogen under sufficiently high pressures and hydrides at lower pres-
sures by chemical precompression may exhibit room-temperature superconductivity, the search has
turned to the superhydrides, leading to the so-called “hydride rush”. Despite extensive research,
the Tc remains below the room temperature, or the required pressure is too high, which greatly hin-
ders practical applications. While the near-ambient superconductivity has been recently claimed
in a nitrogen-doped lutetium hydride, its validity remains a subject of ongoing debate.

Rather than focusing on hydride superconductors, a groundbreaking discovery was recently
reported by Lee et al., claiming the realization of the first room-temperature ambient-pressure
superconductor in a Cu-doped lead-apatite (LK-99). The reported Tc is as high as 400 K at ambient
pressure, and relevant experimental characterizations, such as resistivity, Meissner effect, and I-V
characteristics, were performed. Moreover, the authors provided an exhaustive sample synthesis
method, which would enable other experimental groups to readily reproduce their findings. Despite
the strong experimental evidence, several important questions remain open: What are the electronic
structures of the LK-99 and its parent compound, what is the role played by Cu, and is it possible
to achieve similar effects through doping other elements?
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Figure 1: (a) Top view of the crystal structure of lead-apatite with a chemical formula of
Pb10(PO4)6O. The black lines indicate the unit cell that is periodically replicated. The Pb1 atoms
form a hexagon marked by green lines. The Pb2 atoms form two oppositely shaped triangles
marked by pink and orange lines. The O2 atoms are 1/4 occupied. The O1 atoms denote other
O atoms (excluding O2) including the ones forming PO4 units. (b) Side view of the crystal struc-
ture, highlighting a cylindrical column centered at O2 atoms. (c) The calculated electronic band
structure and density of states. The inset shows the isosurfaces of calculated charge densities (iso-
value=0.006 e/Å3) for the two flat bands (in red color) below the Fermi level.

In this work, we set out to address these issues using first-principle density functional theory
(DFT) calculations. We find that the parent compound Pb10(PO4)6O of LK-99 is an insulator
exhibiting two flat bands below the Fermi level. Doping Cu induces an insulator-metal transition,
which is featured by a half-filled flat band and a fully-occupied flat band around the the Fermi
level. These two flat bands come from both the 2p orbitals of 1/4-occupied O2 atoms and the
hybridization of the 3d orbitals of Cu with the 2p orbitals of its nearest-neighboring O1 atoms,
necessitating a minimal two-band low-energy effective model for describing LK-99. In addition,
we observe four van Hove singularities (VHSs) on these two flat bands stemming from the saddle
dispersions at the M and L points in the Brillouin zone. We show that the flat band structures can
be tuned by electronic correlations or by doping different elements. Among the considered doping
elements (Ni, Cu, Zn, Ag, and Au), both Ni and Zn doping open the band gap, whereas Au exhibits
doping effects more similar to Cu than Ag.

Computational details
The first-principles calculations were performed using the Vienna ab initio simulation package
(VASP). The plane-wave cutoff was chosen to be 520 eV. A Γ-centered k-point grid with a k-
spacing of 0.03 2π/Å was used for structural relaxations and the k-spacing was reduced to 0.02
2π/Å for density of states (DOSs) calculations, The electronic interactions were described using
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the Perdew-Burke-Ernzerhof (PBE) functional. The VASP recommended projector augmented
wave pseudopotentials were employed. The tetrahedron method with Blöchl corrections was used
for DOSs calculations, whereas the Gaussian smearing method with a smearing width of 0.05 eV
was used for other calculations. The convergence criteria for the total energy and ionic forces were
set to 10−6 eV and 0.01 eV/Å, respectively. The electronic correlation effects were described using
the DFT+U method based on the Dudarev scheme.

Results and discussions
A. Structural and electronic properties of lead-apatite

Figure 1(a) shows the crystal structure of lead-apatite with a chemical formula of Pb10(PO4)6O. It is
the parent compound of LK-99 with a hexagonal (P63/m, space group 176) lattice. The calculated
lattice parameters are a=10.024 Å and c=7.482 Å, in good agreement with the experimental values
(a=9.865 Å and c=7.431 Å). The predicted larger lattice parameters arise from the overestimation
of the employed PBE functional. In the lead-apatite, there exists two symmetry-inequivalent Pb
atoms, named Pb1 and Pb2. The the Pb1 atoms form a hexagon, whereas the Pb2 atoms form
two oppositely shaped triangles [see Fig. 1(a)]. Along the c axis, the Pb2 atoms along with the
surrounding PO4 units form a cylindrical column centered at O2 atoms [see Fig. 1(b)]. We note
that the O2 atoms are 1/4 occupied. To simulate this, we removed three out of four O2 atoms in
calculations. The employed structure is provided in the Supplementary Material.

The calculated electronic band structure and DOSs of lead-apatite are shown in Fig. 1(c). It is
obvious that the lead-apatite is a nonmagnetic insulator with a PBE-predicted indirect gap of 2.77
eV. The obtained insulating nature of lead-apatite is consistent with the experimental observations.
It should be stressed that the 1/4 occupation of O2 atoms is important to open the band gap. Full
occupation of O2 atoms results in a metal. DOSs show that the valence bands in the energy
region of [−2 eV, 0 eV] are contributed by the dominate O-2p states and minor Pb-(6s + 6p)
states. Notably, two flat bands right below the Fermi level are observed. The calculated charge
densities reveal that they are mainly from the 2p-states of O2 atoms, the 2p-states of the nearest-
neighboring O1 atoms of Pb1 atoms, and the stereochemically active 6s2 lone pairs of Pb2 atoms
[insert of Fig. 1(c)]. The existence of the Pb2-6s2 lone pairs leads to asymmetrical arrangements
of neighboring six O atoms.

B. Electronic structure of LK-99

Having analyzed structural and electronic properties of lead-apatite, we turn to LK-99. Let us
start our discussion with the high-temperature nonmagnetic solution without considering on-site
Coulomb interactions on the Cu-3d shell. In experiment, the LK-99 exhibits a chemical formula
of Pb10−xCux(PO4)6O with 0.9<x<1.1. Furthermore, it was found that the Cu atoms occupy
the Pb1 positions in the crystal structure. For simplicity, we only considered the case with x=1,
which can be achieved by substituting a Pb1 atom with a Cu atom, resulting in Pb9Cu(PO4)6O.
We note that Cu doping induces symmetry breaking, resulting in four possible configurations (see
Supplementary Material Fig. S1). These configurations have total energies that are very close to
each other (<5 meV/atom), but in this study, we focus on the configuration with the lowest energy,
whose crystal structure is shown in Figs.2(a) and (b) and provided in the Supplementary Material.
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Figure 2: (a, b) Top and side views of the crystal structure of LK-99 with a chemical formula
of Pb9Cu(PO4)6O. Here, the isosurfaces of calculated charge densities (isovalue=0.011 e/Å3) for
the two flat bands around the Fermi level [red lines in (c)] are superimposed. (c) The calculated
electronic band structure and density of states. (d) The computed Fermi surface. (e) Zoom-in of (c),
highlighting the half-filled flat band and four VHSs marked by VHS1 and VHS2 at M and VHS3
and VHS4 at L. (f, g) The three-dimensional visualizations of the half-filled flat band around the
M and L points, respectively, highlighting the saddle dispersions around VHS1 and VHS3. Note
that all the results here were obtained using non-spin-polarized PBE calculations.

The calculated lattice parameters of LK-99 (a=9.931 Å and c=7.411 Å) are in good agreement with
the experimental values (a=9.843 Å and c=7.428 Å). As compared to the non-doped lead-apatite,
Cu doping results in a 2.9% reduction of the system volume (Table 1) due to the insulator-metal
transition, which was argued as one of the key factors contributing to the realization of room-
temperature superconductivity in LK-99.

Table 1: The PBE predicted lattice parameters a and c (in Å), volume (in Å3), and band gap (in
eV) of Pb9M(PO4)6O where M indicates the elements listed below. Note that M=Pb corresponds
to the parent compound of LK-99. The available experimental data are given for comparison.

M a c Volume Band gap
Pb 10.024 7.482 651.02 2.77

Expt. 9.865 7.431 626.25 Insulator
Cu 9.931 7.411 632.94 Metal

Expt. 9.843 7.428 623.24 Metal
Ni 9.815 7.386 616.29 0.82
Zn 9.833 7.384 618.34 2.94
Ag 9.941 7.382 631.69 Metal
Au 9.928 7.421 633.48 Metal

Figures 2(c) and (e) show the calculated band structure and DOSs of LK-99. Clearly, after
Cu doping, the LK-99 becomes metallic, with just one half-filled very flat band (dispersion<0.15
eV) crossing the Fermi level. The Fermi surface looks like a rugby and consists of both electron
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Figure 3: Effects of spin polarizations and electronic correlations on the (a) DOSs and (b) band
structures of LK-99 around the Fermi level. SDFT denotes the spin-polarized DFT. NM and FM
represent the nonmagnetic and ferromagnetic solutions, respectively.

and hole pockets [Fig. 2(d)]. Below this half-filled flat band there exists another flat band that is
fully occupied. We note that in comparison with other correlated d-band superconductors, these
two low-energy bands of LK-99 are much flatter. Moreover, unlike the widely studied one-band
Hubbard model applicable to cuprates, here a minimal two-band low-energy effective model should
be used to describe the physics of LK-99, since the two flat bands are contributed by both the
2p states of O2 atoms and the hybridization of the Cu-3d states with the 2p states of its nearest-
neighboring O1 atoms [see Figs. 2(a) and (b)]. It is interesting to note that the conduction electrons
are confined in the layer containing doped Cu atoms, whereas other layers without doped Cu atoms
seem insulating. In addition, the PO4 units surrounding the cylindrical column formed by Pb2
atoms also exhibit insulating characteristics, leading to a one-dimensional-like conduction channel
along the c axis mediated by the 1/4-occupied O2 atoms. More interestingly, we observed four
VHSs on these two flat bands, originating from the saddle dispersions at the M and L points in
the Brillouin zone [see Figs. 2(e), (f) and (g)]. This indicates that the electronic properties are
fragile in response to structural distortions at low temperatures. The existence of these unique flat
bands may be connected with the experimentally observed remarkable superconducting properties
of LK-99, which worths further investigation.

Before closing this section, we would like to briefly discuss the effects of spin polarizations
and electronic correlations on the electronic structures. Figure 3 compares the DOSs and two
flat bands around the Fermi level obtained from nonmagnetic DFT calculations, spin-polarized
DFT calculations, and spin-polarized DFT+U calculations. It was found that considering spin
polarizations lowers the total energy by 2.4 meV/atom, leading to a ferromagnetic metal at 0 K
with a magnetic moment of 0.57 µB/Cu and 0.06 µB on its nearest-neighboring O1 atoms due to
orbitals hybridization. Compared to the nonmagnetic solution, the two bands around the Fermi
level obtained from the spin-polarized calculations remain flat. However, they are now fully spin-
polarized [see the middle panel of Fig. 3(a)]. The crystal field and projected DOSs analyses suggest
that they are dominated by the half-filled Cu-dyz/dxz orbitals. The same holds when including the
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Figure 4: Effects of different elements doping on the (a, c) band structures and (b, d) total density
of states of LK-99 around the Fermi level. Note that all the results here were obtained using non-
spin-polarized PBE calculations without taking into account on-site Coulomb interactions on the
d shell.

Hubbard interaction (U= 4 eV) on the Cu-d shell, which also favors the ferromagnetic solution [see
the bottom panel of Fig. 3(a)]. The SDFT+U calculated magnetic moments are 0.49 µB and 0.08
µB for the Cu and its nearest-neighboring O1 atoms, respectively. In general, the two flat bands
around the Fermi level are quite similar for the three cases. The noticeable difference lies in the
bandwidth. One can see from Fig. 3(b) that considering the spin polarizations slightly narrows the
bandwidth of the two flat bands [compare blue and black curves in Fig. 3(b)], whereas including
the electronic correlations marginally increases the bandwidth [compare red and blue curves in
Fig. 3(b)]. This is somewhat unusual as the Hubbard interactions typically localize electrons and
thus decrease the bandwidth. These findings suggest that electronic correlations can fine-tune the
flat band structures around the Fermi level and therefore affect the superconducting properties.

C. Electronic structure tuning via different elements doping

As previously introduced, LK-99 exhibits novel electronic structures around the Fermi level that
may play a crucial role in forming its superconducting state. A natural question arises as to whether
these novel electronic structures are a result of the specific Cu doping, or in other words, whether
alternative elements exist having similar doping effects to Cu. To address this question, we con-
ducted first-principles band structure calculations using different doping elements. Specifically,
we considered four elements: Ni, Zn, Ag, and Au. Ni and Zn are located on the left and right sides
of Cu, respectively, in the periodic table, and we chose them to examine the effects of electron
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filling. Ag and Au belong to the same group as Cu, and we included them to investigate the effects
of volume.

Figures 4(a) and (b) show that both Ni and Zn doping result in gap opening. This can be under-
stood from the electron filling, since both elements lead to the even number of valence electrons.
Turning to the Ag and Au doping cases, one can see from Figs. 4(c) and (d) that the two flat bands
around the Fermi level persist due to their similar electronic configurations as Cu (note the small
energy scale). However, we find that the doping effects of Au are more similar to Cu than those of
Ag. This observation may be explained by the closer volumes between Au-doped and Cu-doped
lead-apatites (see Table 1). It is worth mentioning that, compared to Cu, Au doping further nar-
rows the two flat bands, brings the VHS1 at the M point and VHS3 at the L point closer to the
Fermi level, and results in larger DOSs around the Fermi level [see Figs. 4(c) and (d)]. These
results suggest that Au-doped lead-apatite may also exhibit similar superconducting properties as
the Cu-doped one.

Conclusions
In conclusion, we have performed a thorough first-principles electronic structure analysis of both
LK-99 and its parent compound. Our results demonstrate that the parent compound without doping
is an insulator with a large band gap. Cu doping closes the band gap, resulting in an insulator-metal
transition and volume contraction. The band structures of LK-99 exhibit novel characteristics
around the Fermi level, which are manifested by the presence of a half-filled flat band and a fully-
occupied flat band with two VHSs each. These two flat bands arise from both the 2p orbitals of
1/4-occupied O2 atoms and the hybridization of the 3d orbitals of Cu with the 2p orbitals of its
nearest-neighboring O1 atoms, necessitating a minimal two-band low-energy effective model. The
former 2p orbitals of 1/4-occupied O2 atoms lead to a one-dimensional-like cylindrical conduction
channel along the c axis surrounded by insulating PO4 units, whereas the latter hybridized Cu-
3d orbitals and O1-2p orbitals give rise to a two-dimensional-like electron charge distribution in
the ab-plane. The observed VHSs are robust against electronic correlation effects and their band
energies can be tuned by doping different elements. We find that Au exhibits doping effects more
similar to Cu than Ag. We anticipate that the distinctive flat-band electronic structures of LK-99
that we observed in this study will aid in identifying the source of its exceptional superconducting
properties.
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Paper 1: Materials Science, Condensed Matter Physics
Question 1

Why are superconductors valued in numerous scientific fields?
(Select all that apply)

a) Lack of resistance

b) Cold temperatures

c) High levels of ferromagnetism

d) Superdiamagnetism

Question 2

According to the paper, what evidence is there of room-temperature superconductivity?
(Select one)

a) There is strong experimental evidence corroborated by the electronic structure of LK-99

b) There is weak experimental evidence of room temperature superconductivity in the physics
community

c) There is strong experimental evidence but many questions remain unanswered regarding the
electronic structure of LK-99

d) DFT calculations have been performed by other researchers which support room-temperature
superconductivity
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Question 3

Using the figure, what answer choices correspond to either the domain or the range of Zinc?
(Select all that apply)

a) (−0.1, 0.07) eV

b) (−0.65, −0.25) eV

c) (0, 35) States/eV

d) (0, 55) States/eV

Question 4

Using the figure, select the answer choices that correspond to either the domain or the range of
copper
(Select all that apply)

a) (−0.1, 0.7) eV

b) (−0.1, 0.7) States/eV

c) (0, 55) eV

d) (0, 55) States/eV

Question 5

What units would be used to quantify areas in the above figure?
(Select one)

a) eV

b) States/eV

c) States

d) eV2

10



Mock Examination 1 International Research Olympiad March 27, 2024

Question 6

Which of the following is true regarding LK-99 superconductors?
(Select all that apply)

a) Tc is only at or above room temperature under high pressure

b) Tc is at or above room temperature at all pressures

c) Tc is at or above room temperature under ambient pressure

d) LK-99 is a hydride superconductor

e) LK-99 has been doped with copper

Question 7

How does figure C relate to figure E?
(Select one)

a) Zooming out along the y-axis of figure E, we obtain figure C

b) Zooming out along the origin of Figure E, we obtain figure C

c) Zooming out along the origin of Figure C, we obtain figure E

d) Zooming in along the x-axis of Figure C, we obtain figure E
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Question 8

At what approximate energy is the peak DOS of the sum of Cu-d and O-p
(Select one)

a) −0.25 eV

b) −0.0025 eV

c) −0.025 eV

d) 55 eV

Free Response Question 1

Explain the significance of the insulator-metal transition observed in Cu-doped lead-apatite (LK-
99) and its parent compound Pb10(PO4)6O. Discuss how the electronic structure changes with Cu
doping and the implications for the superconducting properties of the material.

Free Response Question 2

Explain the computational methods used in the study to analyze the electronic structure of Cu-
doped lead-apatite (LK-99) and its parent compound Pb10(PO4)6O. Discuss the significance of
employing first-principles calculations, such as density functional theory, in understanding the
electronic properties of complex materials. Additionally, describe how the computational results
were validated and their implications for future research in the field of superconductivity.
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