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@ School of Physics, Northwest University, Xi’an 710127, China
b Institute of Solid State Physics, TU Wien, 1040 Vienna, Austria
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(Dated: November 6, 2023)

We briefly review the status quo of research on the putative superconductor PbgCu(PO4)60O 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.

I. INTRODUCTION

In recent preprints [1, 2], Lee, Kim, et al. reported
the discovery of a room-temperature superconductor at
ambient-pressure: Pbig_,Cu,(PO4)sO with 0.9 < z <
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 sig-
natures of superconductivity [1-3]: (i) a sharp drop in
the resistivity [2, 3], according to Ref. 1 to the order
of 10719 — 107! Qcm though in Refs. 2 and 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, 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 tem-
perature and pressure, it is arguably one of the most
significant physics discoveries of recent history. How-
ever, experimental confirmation is urgently needed: The
above experiments, while indicative of superconductiv-
ity, do not unambiguously prove it. (i) The noise level
of the resistivity appears too large for concluding that
LK-99 has zero resistance. (ii) The negative susceptibil-
ity 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 indi-
cation 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 temper-
ature superconductivity is an extraordinary claim, and
extraordinary claims rightfully require an extraordinar-
ily solid proof. Such waterproof evidence has not been
given as of the time of submitting this article, neither has
solid evidence against.

Naturally, the results by Lee, Kim et al. led to huge
experimental and theoretical efforts. Let us briefly review
the status quo of these subsequent works as of the day of
submission (Aug. 8th, 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° Celsius.
Hou et al. also report two strange resistivity jumps above
250K (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 oppo-
site behavior. Liu et al. [6] find an increase of the resistiv-
ity with decreasing temperature indicating that LK-99 is
a semiconductor or insulator. They also observe a para-
magnetic response instead of a diamagnetic one, and the
magnetic susceptibility as well as the resistivity increases
with decreasing temperature. Kumar et al. [7, 8] also suc-
cessfully synthesized Pb1g_,Cu,(PO4)6O in a modified
lead apatite structure, and report a diamagnetic insula-
tor. Abramiam et al. [9] conjecture that the samples by
Lee et al. are not pure LK-99, but a coexistence of super-
conducting and non-superconducting regions; supercon-
ductivity 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 calculations, appearing on arXiv within days,
and showing similar results (cf. [8, 17, 18]): for the lead
apatite crystal structure with one Pb atom replaced by
Cu, two very flat bands cross the Fermi energy. Be-
low these are still flat, but slightly more dispersive O
bands, and another Cu band. Some of the DFT calcu-
lations also analyze possible alternative Cu and O po-
sitions [13, 14, 16, 18] so far to a very limited extent;
Cabezas-Escares[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 superconductivity [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 dop-
ing x ~ 1 makes insulating lead apatite metallic, thus
explaining the conducting and prospectively supercon-
ducting state of LK-99. While this is suggestive from the
DFT results, Si and Held [14] estimate the interaction-to-
bandwidth U/W to be of O(10) and thus conclude that
LK-99 must be a Mott (or charge transfer) insulator, see
Fig. 1 for an illustration. They further conjecture that
the accompanying spin-1/2 should show a strong param-
agnetic 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 metal-
lic (and prospectively superconducting) behavior found
in the other experiments [1-5] is possible if (part of)
the sample is doped, see Fig. 1 (bottom). Indeed high-
temperature cuprate superconductors [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. How-
ever, this is how far the similarity goes. Superconducting
cuprates have U/W only of O(1), and the Cu atoms form
a square lattice in the CuQOs planes, while the lead apatite
crystal structure is hexagonal. To make 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 ap-
atite crystal structure suggests that electron doping was
possible for 0 < y < 1 and z < 0 and hole doping for
z > 0in Pbig_;Cuy(P1-4Sy04)6014-. Note, the nomi-
nal oxidation states are: Pb*t, Cu?*, P>, S+ 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 Cu® electronic configuration instead
of Cu?* [12-16], and thus realize his theory of a broad
band Mott localization. First groups also started doing
calculations for two-orbital models on a triangular lattice,
using a Bardeen, Cooper and Schrieffer(BCS) [27] type of
coupling [28] and slave-boson mean field theory. The au-
thors find f-wave and s-wave superconductivity (though
at too low critical temperatures) [29], respectively.

In this paper, we would like to put such tight bind-
ing parameters on a more solid basis. To this end,
we do a Wannier function projection and calculate the
tight binding parameters for: (i) a two-band low en-
ergy model made up of the Cu d,,/,. orbitals and (ii)
a five-band model also involving the O p,/, states just
below these and, additionally, the next Cu (d,2) orbital,
see Fig. 1 (top) [this Fig. does not include the 3rd Cu
d orbital below the O p,/, bands, cf. Fig. 2 below].
These tight-binding models can be used for subsequent
many-body calculations and are listed in I and II, respec-
tively. 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

DFT for LK-99
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FIG. 1. Top: Schematics of DFT bandstructure for
PbyCu(P0O4)s0. Middle: Mott-Hubbard splitting of the Cu
dz-,y- 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 indi-
cate 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].

find a Mott or charge transfer insulator. A similar insu-
lator is also obtained in DFT+U, but only if the crystal
symmetry lifts the degeneracy of the Cu d,, . 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 distor-
tion stabilizing some arrangement. The x-ray diffraction
(XRD) patterns [2, 5, 6] clearly indicate an undistorted
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 pos-
sible 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 24 valence or 3d° electronic
configuration. That is, occupying different or more Pb
sites modifies the hopping elements, but there is no dop-
ing 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 z # 1, Pbyg_,Cu,(PO4)sO
will remain insulating. A prospective metallic phase, that
can be induced by electron or hole doping through y # 0
or z # 0 in Pbig_;Cuy(P1-4S,04)6014-, will however
be strongly affected.

II. COMPUTATIONAL METHODS

DFT-level structural relaxations and static calcula-
tions are performed by employing VASP [31, 32] and
WIEN2K [33, 34] code with the Perdew-Burke-Ernzerhof
version for solids of the generalized gradient approxima-
tion (GGA-PBESol) [35] and a dense 9x9x 13 k-mesh for
the unit cell of PbgCu(PO4)gO. The relaxed ground state
crystal structure is shown in Fig. 2(a). The electronic
hopping terms and the corresponding low-energy effec-
tive Hamiltonians are obtained by projecting the derived
(two and five) DFT bands, now computed by WIEN2K,
around the Fermi level onto (maximally localized) Wan-
nier 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 III, and
we employ the fully localized limit as double counting cor-
rection scheme [40]. O-p orbitals are considered as non-
interacting. We solve the resulting many-body Hamil-
tonian at room temperature (298K, 8 = 1/(kgT) =
39eV™!) within DMFT employing a continuous-time
quantum Monte Carlo (QMC) solver in the hybridiza-
tion expansions [41] using W2DYNAMICS [42, 43]. Real-
frequency spectra are obtained with the ANA_CONT code
[44] via analytic continuation using the maximum en-
tropy method (MaxEnt) [45, 46].

Further, the rotationally invariant
scheme [47] with U = 3 eV and J =

DFT+U
0.7 eV on

top of the regular PBE [48, 49] functional as imple-
mented in the VASP package was employed for DOS
and bandstructure calculations for two representative
relaxed crystal structures. The plane wave cutoff is
600 eV, 4x4x5 and 5x4x4 k-mesh was used for P3
(143) and Pm (6) structures. AFLOW-SYM [50] was
used for the symmetry analysis.

III. TIGHT BINDING MODELS

The two-band and five-band tight binding model con-
sist of m = 1..2 and m = 1..5 orbitals in the unit cell, re-
spectively. For the two-band model these are the d,. and
d,, orbitals of the Cu-site, for the five-band model there
are two additional p, and p, orbitals from oxygen sites
and one more d,2 orbital from the Cu-site. This motif
is periodically extended. This tight-binding Hamiltonian
HO is supplemented by a local Coulomb interaction term
Hine on the Cu sites.

H=H"+Hint (1)

For the non-interacting part

HO = Z 7-tgn,,n (k)7 (2)

k,oom,n

we set up a tight-binding parametrization
H?n,n(k) = Z tim,jneik(Ri7Rj)cg,mgcj,nga (3)
2]

where ¢!

+.mo (Ci.mo) 18 the creation (annihilation) opera-
tor, and 4, j indicate unit cells R;, R;, while m, n are
orbital indices, and ¢ the spin index. For the interaction

part
Hint = Z Hint (Z) 3 (4)
i
we use the Kanamori form, which for each site i reads

Hint (1) =U Z N A Mm, | + U/ Z N 4 M, |

m#n

+ (Ul - ']) Z Nim,oMn,o

m<n,o

=Ty (b, (d oyl +d], 1 db dngdn,y).

m¥#n

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



Orbital-l Orbital—? t() t1 tl tl tl t1 t1 t2 t2 tz tQ tz tg tz
(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) eg2) | 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

TABLE I. Two-band model, comprising two Cu e4(1) and e4(2) orbitals (corresponding to ds, dy-). Hopping parameters up
to second nearest from Cu to Cu sites and Orbital-1 to Orbital-2. Here, ¢; and t2 denote 1st and 2nd nearest hoppings. The
numbers in brackets indicate the hopping vector in real space, see Fig. 3(f). Hopping terms that are close to or smaller than

1meV are put as 0meV. All hoppings are in units of meV; ¢y is the on-site energy.
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Cu dy+dx: (-0.1eV to 0.1eV)

Cu d=2(-0.75eV to -0.65eV)

Extra O px+py(-0.6eV to -0.2eV)

Cu dxy+dx2.2(-0.90eV to -0.80eV) r
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FIG. 2. (a) DFT-relaxed structure of PbgCu(PO4)sO; (b) schematic figure of energy band splitting from the octahedral Cu-
coordination of the CuOg 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).

A. Two-band tight-binding model

As only two bands cross the Fermi energy, our ini-
tial objective is to establish a two-band model for
PbgCu(PO4)60. As depicted in Fig. 2(a,b), the bands in-
tersecting at the Fermi level (E¢) primarily arise from the
Cu d,. and d,. orbitals (in the coordinate system with
z aligned with the ¢ unit cell vector). Thus, a minimal
low-energy model with only these two orbitals appears
possible. It can facilitate subsequent calculations that ex-
tend beyond the scope of DFT, as fewer orbitals require
less computational resources for complicated many-body
calculations. The energy range chosen for this two-band
Wannier projections is -0.1eV to 0.1eV. Fig. 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 collected
in Table I. Let us note that this truncation is not per-
fect, because of many long-range hoppings of the order of
1meV. 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].

It is worth noting that, due to the presence of a trigonal
distortion, the orthogonality between d,. and d,, bands,
which is preserved in an undistorted CuOg octahedron, is
lifted. The distortion itself can be best seen in Fig. 2(b).
It leads to the emergence of non-zero hopping terms such
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FIG. 3. Wannier bands character of (a) e4(1), (b) e4(2), (¢) aig, (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.

Orb—l Ol“b-2 to t1 t1 t1 tl t1 tl tz

(000) (100) (010) (110) (-1-10) (-100) (0-10) (001)
eg(1) e,(1) | =77 0 —4 0 0 0 -4 —4
eg(2) eg(2) | =77 -4 0 0 0 —4 0 —4
eg(2)  ey(1) 0 -4 -4 6 0 0 0 2
eg(1)  ey(2) 0 0 0 0 6 -4 -4 -2
eg(1) O-p(1)] 0 0 =3 0 0 3 0 0
eg(1) Op(2)] =7 0 0 0 -4 0 0 0
es(2) Op()] 0 0 6 2 0 5 0 0
eg(2) O p(2) 0o 0 3 2 0 -4 0 0
Op(l) Op(1)|-366 10 0 —11 —11 10 0 —85
O p(2) Op(2)|-366 —10 0 11 11 —10 0 —85
Op2) Op(1)] 0 —4 —22 15 -6 18 0 -3
Op(1)Op2| 0 18 0 —6 15 -4 —-22 3
aly  a, |—-715 6 6 6 6 6 6 12

TABLE II. 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 p, and p,) as well as one
further Cu a14 (d,2) orbital. The numbers in brackets indicate
the hopping vector in real space, see Fig. 3 (f). Hopping
parameters up to 1st nearest neighbor between all Cu and O
sites and orbitals are given. As before, ¢; 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.

as the nearest neighbor (¢1) hopping from e, (1) to e4(2)
along the (110) direction. For all second nearest neigh-
bor hoppings, the predicted values are close to zero (less
than 1 meV), indicating that hopping between Cu ions in
PbgCu(P0O4)6O can be safely restricted to first nearest
neighbors. These nearest Cu neighbors are separated in
space by approximately 10 A.

FIG. 4. (Two-band) tight-binding model fermi surface of
PbgCH(PO4)60.

The hopping energy along the z-direction, t,, is
—10meV. Even this hopping is notably smaller than the
corresponding ¢, 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 A 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 Fig. 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 UPts [53-55].
In UPt3, the prevailing consensus attributes the emer-
gent superconductivity to heavy fermions, rather than
electron-phonon coupling. This parallel suggests that the
presence of super flat bands and correlations 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.

B. Five-band tight-binding model

As the O orbitals may play an important role if LK-
99 is doped with electrons or holes, see Fig. 1, we further
construct a five-band model. Here, we also include the Cu
d,> 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 hybridizations/orbital admixing), there is
no need to consider it in subsequent many-body calcula-
tions. But it can be included with a simple Hartree shift,
given by the occupations (and spin polarizations) of the
two Cu e4 orbitals. If on the other hand, this Cu d.= or-
bital accumulates holes, this is indicative that further Cu
orbitals besides the two e, orbitals need to be included
in the calculation.

For this extended five-band model, the hopping param-
eters are detailed in Table II. In congruence with our ini-
tial analysis in Fig.2(b) and the energy ordering displayed
in Fig.2(d), the on-site energies (tooo) of Cu eg4, O p,
and Cu a4 (d,2) orbitals amount to -77meV, -366 meV,
and -715meV, respectively. Notably, focusing on the Cu
a14 bands, we observe isotropic hoppings of the order of
~6meV along all in-plane directions, while a more sub-
stantial hopping is evident along the z-direction. This
consistently aligns with the inherent symmetry of the d.»
orbital [Fig.2(b)]. Furthermore, as depicted in Fig.3(c),
the Cu a1y (d,2) 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 II, the p(1)
to p(2) intra-orbital hoppings can reach up to 11 meV,
while inter-orbital hoppings extend to -22 meV. A partic-
ularly noteworthy observation is the strong intra-orbital
hopping between O p orbitals along the z-direction
(t.), amounting to -85 meV. This concurs with the pro-
nounced dispersion of O-p orbitals along the I'-A path,
see Fig. 2(d). Considering the distance of approximately
~T74 A, such a substantial hopping is unexpected and
raises the possibility of inducing anisotropic, quasi one-
dimensional transport in LK-99 (if it is a charge transfer
insulator, and if LK-99 is hole doped).

We can further utilize the tight-binding model for visu-
alizing the band hybridization, by plotting the individual
contribution of all five orbitals to the electronic structure.
This is shown in Fig. 3. While the two Cu e, and two O p
Wannier orbitals strongly admix among themselves indi-
vidually, the mixing between these two types of orbitals

as well as between them and the Cu d,2 orbital is weak.
A notable exception is the quite strong intermixing (hy-
bridization) between Cu d,» and O p orbitals around the
H k-point. Despite the very small hopping (hybridiza-
tion) between these orbitals (e.g., the Cu-O inter-orbital
hopping is only t;1(—100) = 3meV in Table II), the en-
ergy 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 ad-
mixture is t1(—100)/Ap, where Ay is the energy differ-
ence at H.

C. Interaction parameters

Constrained random phase approximation (cRPA) [56]
calculations for other Cu-d® based materials [57-60] sug-
gest an intra-orbital Hubbard interaction U = O(2 —
3)eV for the two (three) Cu d,./,.(+d.2) orbitals in
the 2-band (5-band) calculation. Note that the (mini-
mal) Cu-O distance in LK-99 (2.08A) is longer by about
10% compared to typical cuprates, suggesting weaker hy-
bridizations and screening. On the other hand, the bare
charge-transfer energy between Cu-d and O-p orbitals,
Eq — E,, is much smaller than in cuprates, possibly en-
hancing screening effects. Further, to account for addi-
tional spectral-weight transfers from retarded processes,
one typically uses a static interaction U that is enhanced
with respect to the cRPA-value. Therefore, we advo-
cate U = 2.5 — 3.5 eV, a Hund’s exchange J = 0.7eV,
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 reasonable in-
teraction strength. The precise value will, however, be
important in determining the insulating nature (Mott or
charge transfer).

IV. DMFT

In order to study effects of electronic correlations on
top of the tight-binding description, we perform a DMFT
calculation. DMFT describes the local dynamics of elec-
trons, by monitoring the charge (and spin) fluctuations
on a given lattice site in the presence of the local Hub-
bard 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.

Fig. 5 shows the analytically-continued (to real fre-
quencies) DFT+DMFT spectral function for both (i)
the two-band and (ii) the five-band model. The (nom-
inal) filling for the models is (i) » = 3 and (ii) n = 9
electrons per Cu site. For both models we consider
two different inter-orbital interactions U’ = 2eV and
U’ = 3eV, respectively, and a fixed Hund’s exchange
J = 0.7¢eV; for the intra-orbital (Hubbard) interaction
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FIG. 5. Total (black line) and orbitally-resolved DMFT spec-
tral function A(w) for (a) the two-band tight-binding model
at U' = 2eV and (b) U’ = 3eV, as well as (c) the five-band
tight-binding model at U’ = 2eV and (d) U’ = 3eV, all at
T = 298K.

we use U = U’ 4 2J. The differences (uncertainties) be-
tween eg4(1) and ey4(2) spectra emerge since we did not
enforce orbital and spin symmetry.

For both models, we see a clear gap at the Fermi en-
ergy. Both Cu ¢4 (ie., dy, and d,.) orbitals split into a
lower and an upper Hubbard band. Note that despite this
Mott-Hubbard splitting, the orbital degeneracy remains.
Because the system is not particle-hole symmetric, 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
electrons have a singlet-triplet splitting, the lower Hub-
bard band has to show a multiplet splitting. Such a split-
ting is also seen in Fig. 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 lim-
ited U grid available rather compare U’ = 2eV for the
two-band model with U’ = 3¢V 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 Fig. 5 (c,d):
At U’ = 3¢V in Fig. 5 we clearly have a charge trans-
fer insulator, with the first band below the Fermi energy
stemming from the oxygen p orbitals. At U’ = 2eV we
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FIG. 6. Imaginary part of the local DMFT Greens function
G vs. Matsubara frequency v,,. Parameters as in Fig. 5.

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 continues, the system might be
a Mott insulator. As we do not have interaction param-
eters from cRPA calculations yet, there is a substantial
uncertainty in U; and we cannot give a definite answer
whether LK-99 is a Mott or a charge-transfer insulator.
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 —0.2eV for U’ =
3eV in Fig. 5 (¢). This might be akin to a Zhang-Rice
singlet, see e.g. [61] for a similar peak in DFT+DMFT
calculations 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 fur-
ther present in Fig. 6 the local (k-integrated) DMFT
Green’s function, specifically its imaginary part and now
for (imaginary) Matsubara frequencies v,,. Here G,,, — 0
for v, — 0 signals that there are no states at the Fermi
energy, i.e., we have an insulator. Both, for n = 9 elec-
trons in the five-band and n = 3 for the three-band
model, G,, — 0. LK-99 is an insulator.

Given the recent availability of cRPA estimates of
U’ =1.14eV and J = 0.33¢eV [62], we further present in
Fig. 7 results for the two-band model with these cRPA
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FIG. 7. Total (black line) and orbitally-resolved DMFT spec-
tral function A(w) for (a—g) the two-band tight-binding model
at cRPA interaction values U’ = 1.14eV, J = 0.33¢eV and
for (h-n) the five-band tight-binding model at U’ = 2eV,
J =0.75eV; all at T' = 298 K. We show undoped LK-99 in
panels (d,k), cf. Fig. 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,1) +0.1, (f,m) +0.2, (g,n) +0.3 electrons.

interactions. Please note that this static U’ value at fre-
quency w = 0 rather underestimates the actual inter-
action 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 relevance for un-
doped 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 Fig. 7 (left) the emergence of an additional quasi-
particle peak within the Mott-Hubbard gap, similarly as
visualized in Fig. 1. In contrast for electron doping, the

upper Hubbard band and quasiparticle peak merge into
a single discernible peak.

Fig. 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’ =
1.14 eV of the two-band model; and that is why we plot
U’ =2eV in Fig. 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 similar: 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 Fig. 7 (right). Hence, while there are of
course additional oxygen orbitals below the Fermi energy
for the five-band model, the low-energy behavior is quite
similar to that of the two-band model. We have a Mott
insulator, not a charge transfer insulator in both cases.

V. DFT+U

Previous DFT+U calculations [12, 15] did not find an
insulating state for the lattice symmetry and the unit cell
employed here. The degeneracy of the d,, and d,, or-
bitals prevents a splitting since in DF'T+U spin or orbital
polarization is needed for splitting of Hubbard bands.
Our DFTHVU calculations of PbgCu(PO4)sO in Fig. 8(a)
show the same.

However, introducing structural distortion via various
positions of Cu-doping, like at Pb(2) in Fig. 2(a), fur-
ther reduces the symmetry from P3 (143) of Fig. 2(a) to
Pm (6) after DFT4U structural relaxations; cf. insets
of Fig. 8. In this lower Pm symmetry, each Cu atom
acquired four surrounding O ligands, leading to a crys-
tal field of strongly distorted tetrahedral shape. This
breaks the orbital degeneracy of the P3 (143) structure.
In DFT+U, see Fig. 8(b), static electronic correlations
then strongly enhance the orbital splitting and addition-
ally yield a spin polarization and a corresponding spin
splitting. This ultimately 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 Ey
happens to be just below the upper Hubbard band in
Fig. 8(b). Similar DFT+U results have also been ob-
tained in Ref. 18.

VI. CONCLUSION

To sum up, on the basis of density-functional theory,
we performed a Wannier function projection for ana-
lyzing the electronic structure of PbgCu(PO,4)sO (LK-
99). This allows for subsequent many-body calculations.
Specifically, we constructed two distinct low-energy mod-
els: (i) a minimal two-band model including only the Cu
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FIG. 8. DFT+U band structure (left) and DOS (right) for two structures of PboCu(PO4)6O. Spin-up and spin-down contri-
butions to bands (fatbands) and to DOS are highlighted in blue and orange. Panel (a) shows the calculation for the structure
presented in Fig. 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).

dg- and d,, orbitals and (ii) a five-band model that addi-
tionally encompasses the O p, and p, orbitals as well as
the Cu d,2 orbital. These tight binding models shed some
light on LK-99: it has a three-dimensional electronic
structure of the two low-energy Cu d,, and d,. bands
with next nearest-neighbor hoppings up to distances of
10A. This is contrasted with a more one-dimensional
bandstructure of the O p, and p, orbitals; the latter
orbitals can become relevant if LK-99 is a charge trans-
fer insulator. For cuprate superconductors, higher T,.’s
have been associated with smaller charge-transfer ener-
gies [63], which, there, are still of the order O(1 — 3) eV.
This empirical trend for cuprates nicely aligns with an
allegedly much higher T, 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 ratio U/W is an order
of magnitude larger than what is needed to turn a metal
into a Mott insulator [22]. Hence, we see in DMFT a
splitting of the Cu dg./d,. into a lower and an upper
Hubbard band so that LK-99 becomes either a Mott in-
sulator or charge transfer insulator. Given the uncer-
tainty in U we cannot say, at the moment, which version
of these closely related insulators is realized. This split-
ting is a dynamical and purely electronic mechanism. In
DMFT we 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 e,
(dg-/dy) orbitals is required. For the crystal structure of
Fig. 2(a) these are, however, degenerate. In our DET+U

we therefore also considered a structure with Cu on the
Pb(2) site in Fig. 2(b) In this case, the e, 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 dy-
namical orbital reoccupations can match with likewise
dynamic but slower Jahn-Teller phonons (lattice distor-
tions). For example, in manganites electronic and lat-
tice modes mutually support each other and thus localize
charge carriers without symmetry breaking [64]. While
phonons have not yet been calculated, a similar or dif-
ferent interplay between electron and phonon dynamics
might play an important role for LK-99.
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