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Abstract
We briefly review the status quo of research on the putative superconductor Pb9Cu(PO4)6O also
known as LK-99. Further, we provide ab initio derived tight-binding parameters for a two- and
five-band model, and solve these in dynamical-mean-field theory. The interaction-to-bandwidth
ratio makes LK-99 a Mott or charge transfer insulator. Electron or hole doping (which is
different from substituting Pb by Cu and thus differs from LK-99) is required to make it metallic
and potentially superconducting.

Keywords: superconductivtiy, strongly correlated electron systems,
high temperature superconductor, dynamical mean-field theory, density functional theory,
tight binding method, wannier function

1. Introduction

In recent preprints [1, 2], Lee, Kim, et al reported the discovery
of a room-temperature superconductor at ambient-pressure:
Pb10−xCux(PO4)6O with 0.9< x< 1.1. They had previously
named this material LK-99 after their initials and the year of
the first synthesis. Their more recent samples show somewhat
stronger signatures of superconductivity [1–3]: (i) a sharp drop
in the resistivity [2, 3], according to [1] to the order of 10−10–
10−11Ωcm though in [2, 3] a higher noise level is visible, (ii)
a negative (diamagnetic) spin susceptibility and levitation on
a magnet [2], and (iii) sharp voltage jumps at critical currents,
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with the critical currents vanishing in approximately a quarter-
circle as a function of temperature and magnetic field [1, 3].

If LK-99 is truly a superconductor at ambient temper-
ature and pressure, it is arguably one of the most signific-
ant physics discoveries of recent history. However, experi-
mental confirmation is urgently needed: The above experi-
ments, while indicative of superconductivity, do not unam-
biguously prove it. (i) The noise level of the resistivity appears
too large for concluding that LK-99 has zero resistance. (ii)
The negative susceptibility and levitation can be caused by
a simple diamagnet. (iii) The voltage jumps might also be
caused by contact issues. One has to admit however that taken
everything together, the overall picture provides quite some
indication for superconductivity. If the critical temperature
was 1 K (and if taking into account the first confirmations
of (i) and (ii), see below), the scientific community would
now most likely be quite positive that at least parts of the
LK-99 sample are superconducting. But room temperature
superconductivity is an extraordinary claim, and extraordinary
claims rightfully require an extraordinarily solid proof. Such
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waterproof evidence has not been given as of the time of sub-
mitting this article, neither has solid evidence against.

Naturally, the results by Lee, Kim et al led to huge experi-
mental and theoretical efforts. Let us briefly review the status
quo of these subsequent works as of the day of submission
(8 August 2023): The levitation (i) has been reproduced by
Wu et al [4] and further groups on social media. A sharp drop
in resistivity has been confirmed by Hou et al [5], albeit at
100 K instead of 100 ◦C. Hou et al also report two strange res-
istivity jumps above 250 K (which the authors suggest might
be caused by issues with the electrode contacts) as well as an
abnormal field dependence.

In contrast, other experimental groups report an opposite
behavior. Liu et al [6] find an increase of the resistivity with
decreasing temperature indicating that LK-99 is a semicon-
ductor or insulator. They also observe a paramagnetic response
instead of a diamagnetic one, and the magnetic susceptibil-
ity as well as the resistivity increases with decreasing tem-
perature. Kumar et al [7, 8] also successfully synthesized
Pb10−xCux(PO4)6O in a modified lead apatite structure, and
report a diamagnetic insulator. Abramiam et al [9] conjecture
that the samples by Lee et al are not pure LK-99, but a coex-
istence of superconducting and non-superconducting regions;
superconductivity might emerge from another material. Guo
et al [10] report a ferromagnetic hysteresis and half levitation.

As for theory, density functional theory (DFT)[11] is state-
of-the-art for calculating crystal structures and for getting, at
the bare minimum, a first idea of the electronic structure. Five
groups [12–16] independently performed such DFT calcula-
tions, appearing on arXiv within days, and showing similar
results (see [8, 17, 18]): for the lead apatite crystal structure
with one Pb atom replaced by Cu, two very flat bands cross
the Fermi energy. Below these are still flat, but slightly more
dispersive O bands, and another Cu band. Some of the DFT
calculations also analyze possible alternative Cu and O posi-
tions [13, 14, 16, 18] so far to a very limited extent; Cabezas–
Escares et al [16] find an instability with a simplified frozen
phonon calculation. Lai et al [12] suggest that gold-doped lead
apatite may have stronger effects than Cu. Griffin [13], Si and
Held [14], and Kurleta et al [15] argue that the flat bands
might boost electron-phonon mediated superconductivity; Si
and Held [14] also suggest purely electronic flat-band super-
conductivity [19–21] as a possible alternative.

Some groups [12, 13, 15, 16] consider the flat DFT bands
crossing the Fermi energy as evidence that Cu doping x≈ 1
makes insulatinglead apatite metallic, thus explaining the con-
ducting and prospectively superconducting state of LK-99.
While this is suggestive from the DFT results, Si and Held [14]
estimate the interaction-to-bandwidthU/W to be ofO(10) and
thus conclude that LK-99 must be a Mott (or charge transfer)
insulator, see figure 1 for an illustration. They further con-
jecture that the accompanying spin-1/2 should show a strong
paramagnetic response so that a diamagnet without supercon-
ductivity is difficult to imagine.

Indeed such a Mott [22] or charge transfer [23] insulator
might explain the simultaneous experimental findings of a
paramagnetic insulator. At the same time, the metallic (and

Figure 1. Top: Schematics of DFT bandstructure for
Pb9Cu(PO4)6O. Middle: Mott–Hubbard splitting of the Cu dxz,yz
orbitals leading to a Mott or charge transfer insulator. Note that here
we visualize the case with an orbital symmetry breaking (ordering)
indicating by having different orbitals in the lower and upper
Hubbard band. Interrupted lines indicate a larger energy separation.
Bottom: if doped, the Mott or charge transfer insulator becomes
metallic. In case of a Mott insulator (bottom left), an additional
quasiparticle band emerges (thin green line crossing the Fermi
energy, i.e. the horizontal black line). Here hole doping is
visualized. For electron doping the quasiparticle band (and Fermi
energy) would be closer to the upper Hubbard band. In the latter
(electron doped) case, other unoccupied orbitals cannot play a
similar role as oxygen in the right hand panel, because the next
orbitals (Pb-p) are too high in energy [14].

prospectively superconducting) behavior found in the other
experiments [1–5] is possible if (part of) the sample is doped,
see figure 1(bottom). Indeed high-temperature cuprate super-
conductors [24] are in the same class of a charge transfer
(or Mott) insulator [25], and also have Cu and O orbitals
as the relevant ones. However, this is how far the similar-
ity goes. Superconducting cuprates have U/W only of O(1),
and the Cu atoms form a square lattice in the CuO2 planes,
while the lead apatite crystal structure is hexagonal. To make

2



J. Phys.: Condens. Matter 36 (2024) 065601 L Si et al

such a Mott or charge transfer insulator metallic, one needs
electron or hole doping which is not possible by changing
x, i.e. the ratio of Cu:Pb. The synthesis procedure [2] and
lead apatite crystal structure suggests that electron doping was
possible for 0< y≪ 1 and z< 0 and hole doping for z> 0
in Pb10−xCux(P1−ySyO4)6O1+z. Note, the nominal oxidation
states are: Pb2+, Cu2+, P5+, S6+ and O2−. Anyhow, this is
merely an educated guess.

Also, based on the picture of a doped Mott insulator,
Baskaran [26] speculates that Cu atoms cluster in chains or 2D
patches with a Cu0 electronic configuration instead of Cu2+

[12–16], and thus realize his theory of a broad band Mott loc-
alization. First groups also started doing calculations for two-
orbital models on a triangular lattice, using a Bardeen, Cooper
and Schrieffer [27] type of coupling [28] and slave-boson
mean field theory. The authors find f -wave and s-wave super-
conductivity (though at too low critical temperatures) [29],
respectively.

In this paper, we would like to put such tight binding para-
meters on a more solid basis. To this end, we do a Wannier
function projection and calculate the tight binding paramet-
ers for: (i) a two-band low energy model made up of the Cu
dxz/yz orbitals and (ii) a five-band model also involving the
O px/y states just below these and, additionally, the next Cu
(dz2) orbital, see figure 1(top) (this figure does not include the
3rd Cu d orbital below the O px/y bands, cf figure 2 below).
These tight-binding models can be used for subsequent many-
body calculations and are listed in tables 1 and 2, respectively.
Similar two- and four-orbital tight-binding models have been
derived simultaneously and independently by Hirschmann and
Mischerling [30]. We further motivate the strength of the
Kanamori interaction parameters on the Cu sites. Finally we
solve these models in DMFT and find a Mott or charge trans-
fer insulator. A similar insulator is also obtained in DFT+U,
but only if the crystal symmetry lifts the degeneracy of the Cu
dxz/yz orbitals.

Let us put some caveats here regarding the low-energy
model. It assumes the periodic continuation of a unit cell with
a single formula unit (x= 1, y= 0, z= 0) and optimized O
and Cu positions [14]. This yields among others, a regular
triangular lattice of the Cu sites. Other O and Cu positions
are, however, so close in energy [14] that we must expect a
disordered arrangement of these at room temperature—unless
there is a crystal distortion stabilizing some arrangement. The
x-ray diffraction patterns [2, 5, 6] clearly indicate an undistor-
ted lead apatite structure without periodic arrangement of the
Cu atoms. For the matter of Mott insulator or not, this is not
relevant, but for (super)conductivity the possible long-range
ordering of the Cu and O atoms or vice versa a disordered
arrangement of these is very relevant.

Such a disorder or also a Cu doping x ̸= 1 will result in
Cu sites substituting various Pb sites. However, as Pb is 2+
too, Cu will remain a 2+ valence or 3d9 electronic config-
uration. That is, occupying different or more Pb sites modi-
fies the hopping elements, but there is no doping away from
an integer filling of the Cu sites. Since the hopping remains
indirect via oxygen sites and since we are, as we will see

below, very deep in the insulating phase, even with disorder or
x ̸= 1, Pb10−xCux(PO4)6O will remain insulating. A prospect-
ive metallic phase, that can be induced by electron or hole dop-
ing through y ̸= 0 or z ̸= 0 in Pb10−xCux(P1−ySyO4)6O1+z, will
however be strongly affected.

2. Computational methods

DFT-level structural relaxations and static calculations are per-
formed by employingVasp [31, 32] andWien2K [33, 34] code
with the Perdew–Burke–Ernzerhof version for solids of the
generalized gradient approximation (GGA-PBESol) [35] and
a dense 9× 9× 13 k-mesh for the unit cell of Pb9Cu(PO4)6O.
The relaxed ground state crystal structure is shown in
figure 2(a). The electronic hopping terms and the correspond-
ing low-energy effectiveHamiltonians are obtained by project-
ing the derived (two and five) DFT bands, now computed by
WIEN2K, around the Fermi level onto (maximally localized)
Wannier functions [36, 37] using WIEN2WANNIER [38,
39]. The real-space Wannier Hamiltonian is then transformed
to momentum space using a k-mesh with 18 125 reducible
points.

For the DMFT calculations, this DFT-derived one-particle
Hamiltonian is supplemented by a local Kanamori interaction
on the Cu sites, see section 3, and we employ the fully loc-
alized limit as double counting correction scheme [40]. O-p
orbitals are considered as non-interacting. We solve the result-
ing many–body Hamiltonian at room temperature (298 K, β =
1/(kBT) = 39eV−1) within DMFT employing a continuous-
time quantumMonte Carlo (QMC) solver in the hybridization
expansions [41] using W2dynamics [42, 43]. Real-frequency
spectra are obtained with the ana_cont code [44] via analytic
continuation using the maximum entropy method (MaxEnt)
[45, 46].

Further, the rotationally invariant DFT+U scheme [47]
with U= 3 eV and J= 0.7 eV on top of the regular PBE [48,
49] functional as implemented in the Vasp package was
employed for DOS and bandstructure calculations for two rep-
resentative relaxed crystal structures. The plane wave cutoff is
600 eV, 4× 4× 5 and 5× 4× 4 k-mesh was used for P3 (143)
and Pm (6) structures. AFLOW-SYM [50] was used for the
symmetry analysis.

3. Tight binding models

The two-band and five-band tight binding model consist of
m= 1..2 andm= 1..5 orbitals in the unit cell, respectively. For
the two-bandmodel these are the dyz and dxz orbitals of the Cu-
site, for the five-band model there are two additional px and py
orbitals from oxygen sites and one more dz2 orbital from the
Cu-site. Thismotif is periodically extended. This tight-binding
HamiltonianH0 is supplemented by a local Coulomb interac-
tion term Hint on the Cu sites.

H=H0 +Hint. (1)
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Figure 2. (a) DFT-relaxed structure of Pb9Cu(PO4)6O; (b) schematic figure of energy band splitting from the octahedral Cu-coordination of
the CuO6 motif; Wannier projections for the two-band model (c) and five-band model (d), respectively. The Wannier bands (dots) are
virtually identical to the DFT bands (lines).

For the non-interacting part

H0 =
∑

k,σ,m,n

H0
m,n (k) , (2)

we set up a tight-binding parametrization

H0
m,n (k) =

∑
i,j

tim,jne
ik(Ri−Rj)c†i,mσcj,nσ, (3)

where c†i,mσ(ci,mσ) is the creation (annihilation) operator, and
i, j indicate unit cellsRi,Rj, whilem, n are orbital indices, and
σ the spin index. For the interaction part

Hint =
∑
i

Hint (i) , (4)

we use the Kanamori form, which for each site i reads

Hint (i) = U
∑
m

nm,↑nm,↓ +U ′
∑
m ̸=n

nm,↑nn,↓

+(U ′ − J)
∑
m<n,σ

nm,σnn,σ

− J
∑
m ̸=n

[
d†m,↑d

†
n,↓dn,↑dm,↓+d

†
m,↑d

†
m,↓dn,↑dn,↓

]
.

Here, all number operators, nm,σ, act on the same Cu site
(i.e. are in the same unit cell i), and them,n orbitals are restric-
ted to the two and three Cu orbitals for the respective two- and
five-band model, defined below.

3.1. Two-band tight-binding model

As only two bands cross the Fermi energy, our initial object-
ive is to establish a two-band model for Pb9Cu(PO4)6O. As
depicted in figures 2(a) and (b) the bands intersecting at the
Fermi level (Ef ) primarily arise from the Cu dxz and dyz
orbitals (in the coordinate system with z aligned with the
c unit cell vector). Thus, a minimal low-energy model with
only these two orbitals appears possible. It can facilitate sub-
sequent calculations that extend beyond the scope of DFT, as
fewer orbitals require less computational resources for com-
plicated many-body calculations. The energy range chosen
for this two-band Wannier projections is −0.1 eV to 0.1 eV.
Figure 2(c) shows the excellent fit of the bands in the Wannier
gauge to the DFT. Truncating the hopping amplitudes at the
second nearest neighbors, yields the hopping elements col-
lected in table 1. Let us note that this truncation is not per-
fect, because of many long-range hoppings of the order of
1 meV. It shows some deviations to the full tight-binding
Hamiltonian, especially around the H momentum. The full
tight-binding Hamiltonian is made available at the NOMAD
repository [51].

4



J. Phys.: Condens. Matter 36 (2024) 065601 L Si et al

Table 1. Two-band model, comprising two Cu eg(1) and eg(2) orbitals (corresponding to dxz, dyz). Hopping parameters up to second nearest
from Cu to Cu sites and Orbital-1 to Orbital-2. Here, t1 and t2 denote 1st and 2nd nearest hoppings. The numbers in brackets indicate the
hopping vector in real space, see figure 3(f). Hopping terms that are close to or smaller than 1 meV are put as 0 meV. All hoppings are in
units of meV; t0 is the on-site energy.

t0 t1 t1 t1 t1 t1 t1 t2 t2 t2 t2 t2 t2 tz
Orbital-1 Orbital-2 (000) (100) (010) (110) (−1−10) (−100) (0−10) (120) (210) (1−10) (−1−20) (−2−10) (−110) (001)

eg(1) eg(1) −24 −6 6 0 0 −6 6 0 0 0 0 0 0 −10
eg(2) eg(2) −24 6 −6 0 0 6 −6 0 0 0 0 0 0 −10
eg(2) eg(1) 0 6 4 −1 15 −11 −13 0 0 0 0 0 0 0
eg(1) eg(2) 0 −11 −13 15 −1 6 4 0 0 0 0 0 0 0

Figure 3. Wannier bands character of (a) eg(1), (b) eg(2), (c) a1g, (d) O p(1), and (e) O p(2). (f) Schematic hopping terms of Cu site, the red
and green arrows indicate first and second nearest hopping, the numbers in bracket indicate the real space hopping vectors.

It is worth noting that, due to the presence of a trigonal dis-
tortion, the orthogonality between dyz and dxz bands, which
is preserved in an undistorted CuO6 octahedron, is lifted.
The distortion itself can be best seen in figure 2(b). It leads
to the emergence of non-zero hopping terms such as the
nearest neighbor (t1) hopping from eg(1) to eg(2) along the
(110) direction. For all second nearest neighbor hoppings,
the predicted values are close to zero (less than 1meV),
indicating that hopping between Cu ions in Pb9Cu(PO4)6O
can be safely restricted to first nearest neighbors. These
nearest Cu neighbors are separated in space by approximately
10 Å.

The hopping energy along the z-direction, tz, is −10meV.
Even this hopping is notably smaller than the correspond-
ing tz in infinite-layer nickelates and cuprates (∼−36 meV;
where the in-plane hopping is from −370 to −450meV)
[52]. That is, in contrast to cuprates and nickelates, in-
plane and out-of-plane hoppings are quite comparable. Note,
also the Cu-Cu distance in the z-direction is ∼7.4 Å and
thus similar to that in-plane ones. Altogether, we can hence
conclude that LK-99 has a three dimensional electronic
structure.

Furthermore, we illustrate the Fermi surface using the two-
band model in figure 4. (The Fermi surface of the five-band
model is also exactly the same as that of the original DFT).
Intriguingly, the Fermi surface of LK-99 exhibits striking
resemblances to that of UPt3 [53–55]. In UPt3, the prevailing
consensus attributes the emergent superconductivity to heavy
fermions, rather than electron-phonon coupling. This paral-
lel suggests that the presence of super flat bands and correl-
ations with U/W of the order of O(10) might play a pivotal
role in driving a transition from a normal to a superconducting
state.

3.2. Five-band tight-binding model

As the O orbitals may play an important role if LK-99 is doped
with electrons or holes, see figure 1, we further construct a
five-band model. Here, we also include the Cu dz2 orbital to
be on the safe side. As long as this lowest band remains firmly
below the Fermi surface (i.e. is fully occupied up to hybrid-
izations/orbital admixing), there is no need to consider it in
subsequent many-body calculations. But it can be included
with a simple Hartree shift, given by the occupations (and spin

5
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Figure 4. (Two-band) tight-binding model fermi surface of Pb9Cu(PO4)6O.

Table 2. Five-band model, comprising besides the two Cu eg orbitals of the two-band model additionally two O p(1) and p(2) orbitals
(corresponding to px and py) as well as one further Cu a1g (dz2 ) orbital. The numbers in brackets indicate the hopping vector in real space,
see figure 3(f). Hopping parameters up to 1st nearest neighbor between all Cu and O sites and orbitals are given. As before, t1 indicates 1st
nearest hoppings, the numbers in brackets indicate hopping vectors in real space; hopping terms obviously smaller than 1 meV are
approximated as 0 meV. The energy unit is meV.

t0 t1 t1 t1 t1 t1 t1 tz
Orb-1 Orb-2 (000) (100) (010) (110) (−1−10) (−100) (0−10) (001)

eg(1) eg(1) −77 0 −4 0 0 0 −4 −4
eg(2) eg(2) −77 −4 0 0 0 −4 0 −4
eg(2) eg(1) 0 −4 −4 6 0 0 0 2
eg(1) eg(2) 0 0 0 0 6 −4 −4 −2
eg(1) O-p(1) 0 0 −3 0 0 3 0 0
eg(1) O-p(2) −7 0 0 0 −4 0 0 0
eg(2) O p(1) 0 0 6 2 0 5 0 0
eg(2) O p(2) 0 0 3 2 0 −4 0 0
O p(1) O p(1) −366 10 0 −11 −11 10 0 −85
O p(2) O p(2) −366 −10 0 11 11 −10 0 −85
O p(2) O p(1) 0 −4 −22 15 −6 18 0 −3
O p(1) O p(2) 0 18 0 −6 15 −4 −22 3
a1g a1g −715 6 6 6 6 6 6 12

polarizations) of the two Cu eg orbitals. If on the other hand,
this Cu dz2 orbital accumulates holes, this is indicative that fur-
ther Cu orbitals besides the two eg orbitals need to be included
in the calculation.

For this extended five-band model, the hopping parameters
are detailed in table 2. In congruence with our initial analysis
in figure 2(b) and the energy ordering displayed in figure 2(d),
the on-site energies (t000) of Cu eg, O p, and Cu a1g (dz2) orbit-
als amount to −77 meV, −366 meV, and −715 meV, respect-
ively. Notably, focusing on the Cu a1g bands, we observe iso-
tropic hoppings of the order of ∼6 meV along all in-plane
directions, while a more substantial hopping is evident along
the z-direction. This consistently aligns with the inherent sym-
metry of the dz2 orbital (figure 2(b)). Furthermore, as depic-
ted in figure 3(c), the Cu a1g (dz2) band has a remarkably flat

dispersion and exhibits only minimal hybridization with all
other bands, a posteriori justifying their exclusion from a tight
binding model of LK-99.

Turning to the O p orbitals in table 2, the p(1) to
p(2) intra-orbital hoppings can reach up to 11 meV, while
inter-orbital hoppings extend to −22 meV. A particularly
noteworthy observation is the strong intra-orbital hopping
between O p orbitals along the z-direction (tz), amounting to
−85 meV. This concurs with the pronounced dispersion of
O-p orbitals along the Γ-A path, see figure 2(d). Considering
the distance of approximately ∼7.4 Å, such a substantial
hopping is unexpected and raises the possibility of indu-
cing anisotropic, quasi one-dimensional transport in LK-99
(if it is a charge transfer insulator, and if LK-99 is hole
doped).

6
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We can further utilize the tight-binding model for visual-
izing the band hybridization, by plotting the individual con-
tribution of all five orbitals to the electronic structure. This
is shown in figure 3. While the two Cu eg and two O p
Wannier orbitals strongly admix among themselves individu-
ally, the mixing between these two types of orbitals as well as
between them and the Cu dz2 orbital is weak. A notable excep-
tion is the quite strong intermixing (hybridization) between
Cu dz2 and O p orbitals around the H k-point. Despite the
very small hopping (hybridization) between these orbitals (e.g.
the Cu-O inter-orbital hopping is only t1(−100) = 3meV in
table 2), the energy difference between the Cu and O bands
is similarly small at momentum H. For this reason they still
strongly hybridize. For example, in perturbation theory the
admixture is t1(−100)/∆H, where∆H is the energy difference
at H.

3.3. Interaction parameters

Constrained random phase approximation (cRPA) [56] calcu-
lations for other Cu-d9 based materials [57–60] suggest an
intra-orbital Hubbard interaction U=O(2–3) eV for the two
(three) Cu dxz/yz(+dz2) orbitals in the 2-band (5-band) calcula-
tion. Note that the (minimal) Cu-O distance in LK-99 (2.08 Å)
is longer by about 10% compared to typical cuprates, sug-
gesting weaker hybridizations and screening. On the other
hand, the bare charge-transfer energy between Cu-d and O-
p orbitals, Ed−Ep, is much smaller than in cuprates, possibly
enhancing screening effects. Further, to account for additional
spectral-weight transfers from retarded processes, one typic-
ally uses a static interaction U that is enhanced with respect
to the cRPA-value. Therefore, we advocate U= 2.5–3.5 eV,
a Hund’s exchange J= 0.7 eV, and an inter-orbital interaction
U ′ = U− 2J. Given the flatness of the relevant copper bands,
we expect the parent compound to be insulating for any reason-
able interaction strength. The precise value will, however, be
important in determining the insulating nature (Mott or charge
transfer).

4. DMFT

In order to study effects of electronic correlations on top of
the tight-binding description, we perform a DMFT calcula-
tion. DMFT describes the local dynamics of electrons, by
monitoring the charge (and spin) fluctuations on a given lat-
tice site in the presence of the local Hubbard interactions.
The latter, in particular, penalizes occupying a site with more
than one electron per orbital and leads to a renormalization
of the quasi-particle band-structure. Or, if the interaction is
strong enough, to a Mott-Hubbard splitting of the DFT bands.
Figure 5 shows the analytically-continued (to real frequen-
cies) DFT+DMFT spectral function for both (i) the two-
band and (ii) the five-band model. The (nominal) filling for
the models is (i) n= 3 and (ii) n= 9 electrons per Cu site.

Figure 5. Total (black line) and orbitally-resolved DMFT spectral
function A(ω) for (a) the two-band tight-binding model at
U ′ = 2 eV and (b) U ′ = 3 eV, as well as (c) the five-band
tight-binding model at U ′ = 2 eV and (d) U ′ = 3 eV, all at
T = 298 K.

For both models we consider two different inter-orbital inter-
actions U ′ = 2 eV and U ′ = 3 eV, respectively, and a fixed
Hund’s exchange J= 0.7 eV; for the intra-orbital (Hubbard)
interaction we use U= U ′ + 2J. The differences (uncertain-
ties) between eg(1) and eg(2) spectra emerge since we did not
enforce orbital and spin symmetry. For both models, we see
a clear gap at the Fermi energy. Both Cu eg (i.e. dxz and dyz)
orbitals split into a lower and an upper Hubbard band. Note
that despite this Mott-Hubbard splitting, the orbital degener-
acy remains. Because the system is not particle-hole symmet-
ric, the weights of the upper and lower Hubbard bands are not
symmetric.

Since the lower Hubbard band describes transitions from
3 electrons on the Cu site to 2 electrons and since 2 elec-
trons have a singlet-triplet splitting, the lower Hubbard band
has to show a multiplet splitting. Such a splitting is also seen
in figure 5. In contrast, the transition from 3 electrons to 4
electrons, i.e. the upper Hubbard band, must not show such
a splitting.

The gaps for the two-band model are larger than for the
five-band models. The reason for this is that in the two-band
model three more orbitals contribute to the screening, which
reduces the effective interaction in a cRPA calculation. That is,
we should, on the very limitedU grid available rather compare
U ′ = 2 eV for the two-bandmodel withU ′ = 3 eV for the five-
band model.

As for the question of Mott or charge transfer insulator we
need to look at the five-band model in figures 5(c) and (d):
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Figure 6. Imaginary part of the local DMFT Greens function G vs. Matsubara frequency νn. Parameters as in figure 5.

At U ′ = 3 eV in figure 5 we clearly have a charge transfer
insulator, with the first band below the Fermi energy stem-
ming from the oxygen p orbitals. At U ′ = 2 eV we have a
very strong admixture between Cu and O bands in the first
spectral contribution below the Fermi energy. The system is
neither a clear charge transfer nor a clear Mott insulator: we
are right at the crossover between a charge-transfer to a Mott
insulator. For even smaller U’s, given that this tendency con-
tinues, the system might be a Mott insulator. As we do not
have interaction parameters from cRPA calculations yet, there
is a substantial uncertainty in U; and we cannot give a defin-
ite answer whether LK-99 is a Mott or a charge-transfer insu-
lator. As cRPA estimations of U also have a substantial error,
it might also be beyond present-day theoretical tools to decide
this question. Let us also note the small peak at −0.2 eV for
U ′ = 3 eV in figure 5(c). This might be akin to a Zhang–Rice
singlet, see e.g. [61] for a similar peak in DFT+DMFT cal-
culations for cuprates where such a Zhang–Rice singlet peak
is visible. A difference is that, here, for LK-99, this peak is at
the upper edge of the oxygen bands, not above these. Also, we
should note that this small peak might be a maximum entropy
artifact.

To avoid the maximum entropy uncertainties, we further
present in figure 6 the local (k-integrated) DMFT Green’s
function, specifically its imaginary part and now for (ima-
ginary) Matsubara frequencies νn. Here Gνn → 0 for νn → 0
signals that there are no states at the Fermi energy, i.e. we
have an insulator. Both, for n= 9 electrons in the five-band
and n= 3 for the three-band model, Gνn → 0. LK-99 is an
insulator.

Given the recent availability of cRPA estimates of U ′ =
1.14eV and J= 0.33eV [62], we further present in figure 7
results for the two-band model with these cRPA interactions.
Please note that this static U′ value at frequency ω= 0 rather
underestimates the actual interaction of a static calculation;
and U ′ = 1.14eV is thus rather a lower limit of the Coulomb
interaction. In any case, the precise interaction is of minor rel-
evance for undoped LK-99 (n= 3 electrons per Cu site in the
two-band model), as we are deep in the insulating phase.

If we hole-dope the system below this integer n= 3, we see
in figure 7 (left) the emergence of an additional quasiparticle
peak within the Mott–Hubbard gap, similarly as visualized in
figure 1. In contrast for electron doping, the upper Hubbard
band and quasiparticle peak merge into a single discernible
peak.

Figure 7 (right) further shows the effect of doping for the
five-band model. As argued above, we have to compare a
somewhat larger U′ of the five-band model to U ′ = 1.14eV
of the two-band model; and that is why we plot U ′ = 2eV in
figure 7 (right). Unfortunately, there are no cRPA estimates
for the more involved five-band model. Overall, the behavior
of the Cu orbitals in the five- and two-band model is sim-
ilar: Despite having quite some oxygen contribution at the
highest energy states below the Fermi energy for undoped
LK-99 (panel (k); n= 9 electrons per unit cell of the five
band model), at least at somewhat larger hole dopings the
quasiparticle peak is dominated by the Cu-orbital for this
U′ value, see n= 8.8 and n= 8.7 figure 7 (right). Hence,
while there are of course additional oxygen orbitals below
the Fermi energy for the five-band model, the low-energy
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Figure 7. Total (black line) and orbitally-resolved DMFT spectral function A(ω) for (a)–(g) the two-band tight-binding model at cRPA
interaction values U ′ = 1.14 eV, J= 0.33 eV and for (h)–(n) the five-band tight-binding model at U ′ = 2 eV, J= 0.75 eV; all at T = 298K.
We show undoped LK-99 in panels (d), (k), cf figure 5. We show spectra for hole dopings of (a), (h) −0.3; (b), (i) −0.2; and (c), (j) −0.1
electrons per unit cell with one Cu site. We also show spectra for electron dopings of (e), (l) +0.1, (f), (m) +0.2, (g), (n) +0.3 electrons.

behavior is quite similar to that of the two-band model. We
have a Mott insulator, not a charge transfer insulator in both
cases.

5. DFT+U

Previous DFT+U calculations [12, 15] did not find an insulat-
ing state for the lattice symmetry and the unit cell employed
here. The degeneracy of the dxz and dyz orbitals prevents
a splitting since in DFT+U spin or orbital polarization is
needed for splitting of Hubbard bands. Our DFT+U calcula-
tions of Pb9Cu(PO4)6O in figure 8(a) show the same. However,
introducing structural distortion via various positions of

Cu-doping, like at Pb(2) in figure 2(a), further reduces the
symmetry from P3 (143) of figure 2(a) to Pm (6) after DFT+U
structural relaxations; cf insets of figure 8. In this lower Pm
symmetry, each Cu atom acquired four surrounding O ligands,
leading to a crystal field of strongly distorted tetrahedral shape.
This breaks the orbital degeneracy of the P3 (143) structure.
In DFT+U, see figure 8(b), static electronic correlations then
strongly enhance the orbital splitting and additionally yield a
spin polarization and a corresponding spin splitting. This ulti-
mately gives rise to an insulating state with a similar gap as in
DMFT, but here with a full spin and orbital polarization. Note
that in DFT+U Ef happens to be just below the upper Hubbard
band in figure 8(b). Similar DFT+U results have also been
obtained in [18].
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Figure 8. DFT+U band structure (left) and DOS (right) for two structures of Pb9Cu(PO4)6O. Spin-up and spin-down contributions to
bands (fatbands) and to DOS are highlighted in blue and orange. Panel (a) shows the calculation for the structure presented in figure 2(a),
while panel (b) is for the structure with a different arrangement of Pb and Cu atoms (crystal structures are given in the insets with Cu and Pb
atoms in blue and gray, respectively).

6. Conclusion

To sum up, on the basis of density-functional theory, we
performed a Wannier function projection for analyzing the
electronic structure of Pb9Cu(PO4)6O (LK-99). This allows
for subsequent many-body calculations. Specifically, we con-
structed two distinct low-energy models: (i) a minimal two-
band model including only the Cu dxz and dyz orbitals and
(ii) a five-band model that additionally encompasses the O
px and py orbitals as well as the Cu dz2 orbital. These tight
binding models shed some light on LK-99: it has a three-
dimensional electronic structure of the two low-energy Cu
dxz and dyz bands with next nearest-neighbor hoppings up
to distances of 10 Å. This is contrasted with a more one-
dimensional bandstructure of the O px and py orbitals; the lat-
ter orbitals can become relevant if LK-99 is a charge trans-
fer insulator. For cuprate superconductors, higher Tc’s have
been associated with smaller charge-transfer energies [63],
which, there, are still of the order O(1–3) eV. This empir-
ical trend for cuprates nicely aligns with an allegedly much
higher Tc of LK-99, here, since the bare Cu-O charge-transfer
energy in our five-orbital model is an order of magnitude
smaller.

The interaction-to-bandwidth ratioU/W is an order ofmag-
nitude larger than what is needed to turn a metal into a Mott
insulator [22]. Hence, we see in DMFT a splitting of the Cu
dxz/dyz into a lower and an upper Hubbard band so that LK-99
becomes either a Mott insulator or charge transfer insulator.
Given the uncertainty in U we cannot say, at the moment,
which version of these closely related insulators is realized.
This splitting is a dynamical and purely electronic mechan-
ism. In DMFTwe do not observe indications for orbital or spin
symmetry breaking. In contrast to DMFT, to find an insulator
in DFT+U, a symmetry breaking of the Cu eg (dxz/dyz) orbit-
als is required. For the crystal structure of figure 2(a) these

are, however, degenerate. In our DFT+U we therefore also
considered a structure with Cu on the Pb(2) site in figure 2(b)
In this case, the eg symmetry is broken and hence the Cu bands
can split into Hubbard bands, realizing an insulator also in
DFT+U.

Such a dynamic splittings into Hubbard bands and dynam-
ical orbital reoccupations canmatchwith likewise dynamic but
slower Jahn–Teller phonons (lattice distortions). For example,
in manganites electronic and lattice modes mutually sup-
port each other and thus localize charge carriers without
symmetry breaking [64]. While phonons have not yet been
calculated, a similar or different interplay between elec-
tron and phonon dynamics might play an important role for
LK-99.

Data availability statement

The data that support the findings of this study will be openly
available following an embargo at the following 10.17172/
NOMAD/2023.09.22-1.

Acknowledgments

We thank Robert Svagera and Neven Barǐsić for discussions
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