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Recently, Cu-substituted lead apatite LK-99 was reported to have room-temperature ambient-
pressure superconductivity. Here we utilize density functional theory (DFT) total energy and
harmonic phonon calculations to investigate the thermodynamic and dynamic stability of two
lead phosphate apatites in their pure and Cu-substituted structures. Though Pb1o(PO4)sO and
Pbi1g(PO4)6(OH)2 are found to be thermodynamically stable (i.e., on the T=0K ground state con-
vex hull), their Cu-substituted counterparts are above the convex hull. Harmonic phonon calcula-
tions reveal dynamic instabilities in all four of these structures. Oxygen vacancy formation energies
demonstrate that the addition of Cu dopant substituting for Pb increases the likelihood of the
formation of oxygen vacancies on the anion site. We propose a new possible phase in this sys-
tem, PbgCu2(PO4)s, where two monovalent Cu atoms are substituted for two Pb(1) atoms and
the anion oxygen is removed. We also propose several reaction pathways for PbgCu(PO4)sO and
PbgCu2(POu4)s, and found that both of these two structures are likely to be synthesized under a 1:1
ratio of reactants Pb2SO5 and CusP. Our work provides a thorough foundation for the thermody-
namic and dynamic stabilities of LK-99 related compounds and we propose several possible novel

synthesis reaction pathways and a new predicted structure for future studies.

INTRODUCTION

Superconductors exhibit zero electrical resis-
tance when under specific conditions and this
unique feature opens the door to a wide ar-
ray of technological advancements that have the
potential to address some of the most press-
ing challenges in energy [I], transportation [2],
medicine [3], and beyond. The first supercon-
ductor was mercury at 4.19 K found by Onnes
in 1911 []. Since that time, a large variety
of superconducting materials have been found.
Low temperature (<77 K, which is the liquid
nitrogen boiling point) can trigger supercon-
ducting behavior [B], but such low temperatures
pose a formidable challenge for all applications.
Consequently, the pursuit of high-temperature
(>77 K) superconductors [6l [7] or even room-
temperature superconductors (RTSC) has be-
come a paramount objective in the field. High
pressure experiments can also lead to supercon-

ductivity at elevated temperatures [8HI0]. But,
finding a material which exhibits superconduc-
tivity under ambient conditions remains a grand
challenge.

In a recent report (at the time of this writ-
ing, still unverified), Lee etal. reported that
a Cu-doped lead apatite material named LK-
99 [11], [12] exhibited superconductivity at room
temperature and under ambient pressure condi-
tions. The authors argued that the Cu-doping
and its resulting structural distortion lead to
the superconducting behavior. LK-99’s parent
structure, Lead phosphate apatite, contains a
mixed polyanionic framework, where phospho-
rus atoms are four-fold coordinated with oxy-
gen to form (POy), tetrahedra, constituting the
building blocks of lead phosphate structures.
These tetrahedra can be flexibly arranged in
various ways, facilitating the assembly of di-
verse P,O, groups, resulting in the formation
of intricate motifs such as rings, chains [I3], and



isolated dimers [I4]. Moreover, lead phosphates
can adopt multiple different stoichiometries and
polymorphs, which often exhibit near degenera-
cies and metastabilities, resulting in a complex
phase space.

Recent Density Functional Theory (DFT)
studies have examined some of the proper-
ties and electronic structure of various fam-
ily members of lead phosphates, including LK-
99. The presence of a flat band in the elec-
tronic band structure of lead apatites was de-
termined, and its strongly correlated nature
was hypothesized to play a role in the reported
superconducting behavior in LK-99 [I5], [16].
The energetics of different magnetic orderings
was studied by Cabezas-Escares etal. [I7] and
they showed that ferromagnetic and antiferro-
magnetic configurations are practically degen-
erated in the case of PbygCu,(POy4)sO. How-
ever, there are many open questions regard-
ing the thermodynamic, dynamic, and phase
stabilities of LK-99 and related compounds
in their doped and undoped forms. And,
the synthesis reaction pathways and energet-
ics that favor the formation of Cu doping in
lead apatites is also not well understood. In
this paper, we study the thermodynamic and
dynamic stability of Pbig_,Cu,(PO4)sO and
Pb19—zCuy (POy4)s(OH)s where x = 0 or 1, and
explore their electronic and phonon band struc-
tures. We also propose a new predicted phase,
PbgCuz(POy4)s as a possible anion-free apatite
and compare it with other structures. Finally,
we will construct a reaction convex hull to evalu-
ate various reaction pathways to synthesize LK-
99 and propose an energetically promising reac-
tion pathway.

METHODS

DFT Calculations

All calculations were performed with
VASP [I8, [19] using the PBE exchange-
correlation functional [20], with an energy

cutoff of 520 eV, and gamma centered k-
points grids with a k-spacing of 0.15 A~1.
Structural relaxation was performed with
an energy convergence threshold of 1078 eV
and a force convergence threshold of 1073
eV/A. The spin-polarized electronic structure
was calculated using a fully relaxed crystal
structure. The inclusion of electron-electron
repulsion arising from localized Cu d-orbitals
was achieved through the implementation of
Dudarev’s GGA+U approach [2I]. The U-J
value was set at 4 eV, consistent with our
prior configuration within the Open Quantum
Materials Database (OQMD) [22] [23]. Phonon
calculations were performed using supercells
of size 1x1x2 through the finite displacement
method implemented in phonopy [24] without
the inclusion of spin or DFT+U. Phonon band
structures in the main text are truncated at 15
THz to show detail in the lower energy modes,
but full phonon band structures are included
in the Supplemental Information.

Therodynamic Stability

The thermodynamic stability of a compound
was determined by convex hull constructions as
implemented in the OQMD. The details can
be found in the Methods section in J. Shen
etal. [25]. In addition to the convex hull dis-
tance, another useful energetic metric is the de-
composition energy, which can be calculated to
represent the degree of stability of stable phases
as follows: AHgecomp = AHp,,; — AHy.

In this equation, AHgecomp represents the de-
composition energy of the compound, AH; de-
notes the formation enthalpy of the compound,
and AHyyy is the energy of the convex hull con-
structed without any compounds at that partic-
ular composition. In contrast to the convex hull
distance AHggability, @ higher value of AHgecomp
means a structure is more stable, lying deeper
in the convex hull.
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a,b) The crystal structure of Pbig(PO4)6O 1/4 partially occupied oxygen sites and

Pbi1g(PO4)6(OH)2. c,d) band structure with atom-projected density of states of Pb1o(PO4)sO (one oxygen

site fully occupied) and Pbi1o(PO4)6(OH)s.

RESULTS AND DISCUSSIONS

LK-99 was reported as a Cu-substituted lead
phosphate apatite. In this work, we stud-
ied both the LK-99 synthesized in vacuum
Pb1o—zCuy(PO4)6O and that in the atmo-
sphere Pb10_xCux(PO4)6(OH)2. The Cu sub-
stitution ratio was reported as 0.9 < x < 1.1,
and here we chose x = 0 or 1 for simplicity.
For completeness of this work and to search for
the structures that may better represent LK-
99, we also consider the PbgCuy(POy4)g with
a monovalent Cu and without the extra oxy-
gen atom. Our results were categorized into
five subsections: 1. Lead pure Pb1o(PO4)60,
2. Cu-substituted PbgCu(POy4)O, 3. Lead
pure Pbig(PO4)6(OH)2, 4.  Cu-substituted
PbgCu(PO4)G(OH)2, and 5. PbgCHQ(PO4)6.

1. Pbio (PO4)60

The crystal structure of Pbyp(PO4)60O is
shown in Figure (a). This is the parent struc-
ture of LK-99 and has a hexagonal P63/m (176)
space group. There are two inequivalent Pb
atoms in the unit cell of Pbio(POy4)sO based
on the Wyckoff positions where Pb(1) occupies
site 4f while Pb(2) occupies site 6h. There are
also four equivalent O sites, which are not part
of the structure’s six POy tetrahedra, that are
1/4 partially occupied. Liang Si etal. investi-
gated the occupation of these O sites and found
that they are energetically equivalent. Further-
more, after testing seven different O configu-
rations in a 2x2x1 supercell of Pb1o(PO4)60,
they concluded that at room temperature and
above, these O sites will exhibit some disorder
in their occupations [26]. As a result, we sim-
ply chose one site from the four partially occu-
pied sites to put one oxygen atom and remove
the other three. This results in a breaking of
the symmetry and the resulting structure has a
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FIG. 2. Phase diagram of a) Pb-P-O, and b) Ca-P-O ternary phase space, and isopleth convex hull of ¢)
PbO-P20s5, and d) CaO-P20s5. The green circles and red squares indicate the phases that are stable (on
the hull) or unstable (above the hull). PbP4O1; is a new stable compound discovered in this work.

trigonal P3 (143) space group. The calculated
electronic structure is shown in Figure c), sug-
gesting that Pbyo(PO4)s0O is a semiconductor
with a wide bandgap of 2.77 eV. We can ob-
serve two flat bands (dispersion ~ 0.4 eV) right
below the Fermi level. These bands originate
from the 6s? lone-pair states of Pb(2) and the
O 2p states. The results are in good agreement
with previous DFT works [17, 26|, 27].

We next turn to the thermodynamic stabil-
ity (defined in Methods) in the Pb-P-O sys-
tem, which is an important factor to infer the
synthesizability of a compound [25] B34]. The
phase diagram of the Pb—P-O ternary phase
space is calculated through the OQMD and is
shown in Figure Pfa). Pbyo(POy4)g is calcu-
lated to be stable and has a very small de-
composition energy of 3 meV/atom into its
competing phases PbO and P3Pb3Og. It can
be seen that the convex hull has regions that

are very “flat” in this composition space along
the PbO-P505 isoplethal section. Along these
“flat” regions of the convex hull, many stable
or nearly stable (<5 meV/atom) compounds
exist with near zero decomposition energies.
The compounds lying on or near the PbO-
P5O5 convex hull have some structural simi-
larities, but do not follow the kind of formu-
laic pattern characteristic of a homologous se-
ries. The structures all contain PO, tetra-
hedra, the connectivity of which is dependent
on whether there is excess or deficient P. The
excess-P end (toweard P2Os) consists of com-
pounds with a 3D network of fully connected
corner-sharing PO, tetrahedra (See Figure.
The excess-P compounds PbP5,0g, PbsP4013,
and PbyP5>0O7 have corner-sharing PO, tetrahe-
dra, with connectivity dependent on the P con-
centration relative to O. For example, the most
P-rich ternary compound, PbP,0O11, consists of



Compound |[Space Group |Stability(eV) |Ref.|Isotructural Compounds in ICSD
Pb2P20O~7 P-1 0 [28] SDQPQO7, VQCU207, SI‘QV207, Ca2V207
71\/[g2VzO7,Cd2PQO7, Ba2V2O7, Hg2P207, Mn2V207
PbngOg C2/C 0 [29] Eu;:,Gag, anTa208, anNbgOg
PbPzOG P21/C 0 [30] BeP206, CaIzOG, BaPzOG, SrNbQOG, CquQOG,
BaNb2067 TaQCI‘Os, CaPan, CaNbgOﬁ, EU.szOG,
SerOs, Cqu206
Pb10P6025 P65/m 0 [31] Sr10P6025, La10G66025
Pb4P209 P21/C 0.002 [32] Fe4P209, ZH4ASQOQ, SH4P209, Ca4szOg
Pb3P4013 P-1 0.003 [33] Ba3P4013, SI‘3P4013
Pb8P2013 CQ/HI 0.005 [32] Pb8A82013
Hypothetical Compounds Created from Elemental Substitution
PbP4O11 Aba2 0 — [CaP4O11
Pb4P6019 P—]. 0.012 — Ca4P6019

TABLE I. Reported ternary compounds within 5 meV/atom the P2O5—PbO convex hull, corresponding
space groups, and isostructural compounds in the ICSD. Last two rows are hypothetical compounds calcu-

lated in this work.

2D layers of fully connected corner-sharing POy
tetrahedra, while PbP>Og has 1D channels,
Pb3P 4013 has separate units of 3 corner-sharing
tetrahedra, and PbsP20O7 has units of 2. On
the other hand, Pb3sP50g and deficient-P com-
pOllIldS Pb10P6025, Pb4P209, and Pb8P2013
have separated (non-corner-sharing) POy tetra-
hedra (See Figure [S2). At the Pb-rich end,
PbO consists of 2D layers of edge-sharing square
pyramids with Pb atoms lying at the apex and
O-free layers. Following this style of coordina-
tion, the Pb—P—-O ternary compounds consist of
Pb-O polyhedra that tend towards square pyra-
mid at the Pb-rich end and octahedra at the Pb-
poor end (as required by the excess-P packing
of POy tetrahedra).

Some of the stable compounds along the
P5O5-PbO intersection are isostructural with
other compositions in ICSD (Inorganic Crys-
tal Structure Database) [35]; these are listed in
Table [l Correspondingly, some ternary phase
spaces have convex hulls that are similar to the
Pb—P-0O convex hulls, most notably Ca—P-O
(Figure [2(b)) and to a smaller degree Sr—P—
O and Ba-P-0O. We found two compositions
CasPgO19 and CaP40q; are stable in the Ca—

P-O phase space while their Pb counterparts
were not reported in the literature and thus not
included in OQMD. We created two new hy-
pothetical PbsPgO19 and PbP4O1; compounds
through elemental substitution and included
them into our Pb—P—-O phase diagram. The up-
dated PbO-P505 convex hull is shown in Fig-
ure [2fc) and resembles the CaOP,0O5 counter-
part shown in Figure [2[d). Through the phase
diagram comparison, we discovered a new sta-
ble compound PbP4O7; which is likely to be
synthesizable and merits further investigation,
but this is out of the scope of this work.

2. PbgCu(PO4)GO

We next discuss the Cu-substituted lead
phosphate apatite. As shown in Figure [Ifa),
there are two different Pb sites in the unit
cell.  Though the reported Cu substitution
sites are Pb(1) sites, we investigated the sub-
stitution effects on both Pb(1) (Wyckoff posi-
tion 4f) and Pb(2) (Wyckoff position 6h) sites.
Four unique configurations (structures #1, #2,
#3 and #4) were created when substitution



on Pb(1) sites, all of which retain the trigo-
nal P3 space group. However, when substi-
tuting on Pb(2) sites, two unique configura-
tions (structures #5 and #8) with triclinic P1
space group were created. This was explained
by Griffin [I5], where Cu interrupts the hexag-
onal network when substituted on the Pb(2)
sites, which causes a structural rearrangement
to the lower P1 symmetry. We then investi-
gated the differences in formation energies and
electronic structures among these six different
configurations. The total energies (relative to
the lowest energy configuration) for the com-
pounds PbgCu(PO,4)sO with Cu on Pb(1) sites
are -6.484 (10), -6.481 (13), -6.481 (13) and -
6.487 (7) eV/atom for structures #1, #2, #3
and #4 while those on Pb(2) sites are -6.494
(0) and -6.492 (2) eV/atom for structures #5
and #8, respectively. This indicates that the Cu
substitution on Pb(2) sites is more energetically
favorable than on Pb(1) sites by 7 meV/atom
or 0.287 eV per formula unit. The ratio of Cu-
substitution between Pb(1) and Pb(2) sites at
the reported synthesis temperature 1198 K [12]
36] can be estimated using the sum of Boltz-
mann formula:  Yexp(-AHpy1)/kT)/Sexp(-
AHpy(2)/kT) = 0.02. This quick calculation
indicates that in equilibrium at synthesis tem-
peratures, Cu-substitution on Pb(1) sites has
a much smaller occupancy compared to Pb(2).
Despite this, it is important to note that the
0.287 eV energy difference observed here is
three times smaller than what is seen in the
Pb19—2Cu, (POy4)s(OH)s discussed later.

The convex hull distance of PbgCu(PO4)sO
was calculated as 39 meV/atom above the
hull in the lowest energy configuration, com-
peting with ordered ground states CuO and
Pb3P50g. If we consider the ideal configura-
tional entropy from the Pb—-Cu mixing on the
Pb sublattice and O-Vacancy mixing on the par-
tially occupied oxygen sites, the solid solution of
PbgCu(PO4)sO does not appear stable enough
to compete with the ground states at this fixed
composition. The stability energetics calculated
here suggests a limited solubility of Cu in the

Pb-apatite phase in the equilibrium phase dia-
gram. A special environment with well-tuned
chemical potentials of Pb and Cu might be nec-
essary to introduce more Cu-substitution in Pb-
apatite. Oxygen vacancy formation energies
were also calculated in both Pby1o(PO4)sO and
PbyCu(PO4)60 structures by removing the lone
oxygen atom in these structures. It was calcu-
lated as 4.51 eV Pbyp(PO4)gO structure. In
PbgCu(POy4)s0, we calculated the oxygen va-
cancy formation energies of both Cu substitu-
tion on the Pb(1) site as 2.51 eV and on the
PDb(2) site as 2.78 eV. The oxygen vacancy for-
mation energy is much lower in Cu-substituted
structures, showing that Cu doping increases
the possibility of the formation of oxygen va-
cancies. Therefore, a PbgCuy(POy)s structure
might also be favored and will be discussed in
Section 5.

We next consider the energetics of some syn-
thesis reaction pathways for LK-99. LK-99
was reported to be synthesized with a molar
ratio of 1:1 between two reactants CugP and
PbsSOs5. The reported synthesis pathways were
summarized and discussed in Table [S1] in the
Supplemental Information. Here, we consider
four possible reaction equations for the synthe-
sis of PbgCu(PO4)sO with 1:1 ratio reactants,
namely:

R1: 6 PngOs +6 CU3P —
PbgCu(PO4)6O +3Pb+6 CusS+5 CuO

R2: 6 PbQSO5 +6 CU3P —
PbgCu(PO4)s0O+3 PbO+6 CuzS+2 CusO+ Cu

R3: 6 PbySO5 + 6 CuzP —

PbgCU(PO4)60+ PbO+6 CuyS+2 CusPbOs+ Cu

R7: 12 PbySO5 + 12 CusP —

PbgCu(PO4)60+ Pb1gPg025+5PbO+12 CusS+5 Cus O+ Cu



SR1: 8 CusP + 12 Pb,SO; = 24 Cu + 7 PbSO, + 4 P,Pb,0; + 5 PbS

SR2: 40 Cu,P + 32 Pb,SO; = 71 Cu + 7 Cu,S, + 20 P,Pb,0q + 4 PbS
SR3: 40 Cu,P + 28 Pb,SO, = 99 Cu + 3 Cu,S, + 20 P,Pb,0, + 16 PbS
SR4: 43 Cu,P + 28 Pb,SO, = 120 Cu + 3 Cu,PS, + 20 P,Pb,0, + 16 PbS

: 6 CusP + 6 Pb,SO5 = PbyCu(PO,)sO + 3 Pb + 6 Cu,S + 5 CuO

16 CusP + 6 Pb,SO5 = PbgCu(PO,)sO + 3 PbO + 6 Cu,S + 2 Cu,O + Cu

16 CusP + 6 Pb,SO5 = PbyCu(PO,)sO + PbO + 6 Cu,S + 2 Cu,PbO, + Cu

: 6 CusP + 5 Pb,SO5 = PbyCu(PO,)sO + Pb + 5 Cu,S + 7 Cu

16 CusP + 6 Pb,SO5 = PbgCu,(PO,)s + 4 PbO + 6 Cu,S + 2 Cu,0

112 CusP + 12 Pb,SO;5 = PbgCu,(PO,)s + Pbyo(PO,4)sO + 6 PbO + 12 Cu,S + 5 Cu,0

112 CusP + 12 Pb,SO;5 = PbgCu(PO,)s0 + Pb,o(PO,)sO + 5 PbO + 12 Cu,S + 5 Cu,0 + Cu
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FIG. 3. Convex hull of the reactions with CusP and Pb2SOs as the reactants. Green circles and red squares
indicate that energies of reaction product sare on the hull (stable) and above the convex hull, respectively.
The inset plot is a zoom-in area of the five red squares between R5 and R7. The yellow diamond indicates
the stable reaction products of 1:1 reactions with CusP and Pb2SOs.

‘We also considered one non-1:1 ratio reaction:

R4: 5 szSO5 +6 CU3P —
PbgCu(PO4)60 + Pb+5 CusS+ 7 Cu

The reaction convex hull is constructed in
Figure 3, where we performed the Grand
Canonical Linear Programming (GCLP) to
minimize free energies along various composi-
tion ratios [37, B8]. The green circles in Figure
[ are the stable products of reactions that de-
fine the convex hull. The yellow diamond in-
dicates the stable product of one reaction with
1:1 PbySO5 and CusP, which is:

8 PbaSO5 + 8 CusP — 17 Cu + CuySy + 2
PbSO4 + 4 PoPbsOg + 2 PbS.

All of these five possible reactions have neg-

ative reaction energies, which is a necessary
condition for a reaction to happen. The reac-
tion energies are -0.211, -0.263, -0.264, -0.308,
and -0.277 eV/atom for R1, R2, R3, R4, and
R7, respectively. When considering 1:1 ra-
tio reactants, the reaction energies follow the
trend R1 > R2 > R3 > R7, meaning that
R7 is the reaction with the strongest energetic
driving force among these four. The product
of R7 is 38 meV/atom above the hull, while
the product of R4 is 45 meV/atom above the
hull, which means 1:1 ratio reactants are pre-
ferred when synthesizing this material. The
electronic band structures of these six different
PbgCu(PO4)s0 configurations were also calcu-
lated and presented in Figure [S4]in Supplemen-



tal Information. The first four structures, where
Cu substitutes Pb(1), uniformly show two half-
filled low-energy flat bands at the Fermi level.
Among them, the #1 structure is consistent
with previous DFT studies on LK-99 electronic
structure [16, 07, 26, 27] with a comparable
band dispersion of ~ 0.25 eV. The #4 struc-
ture shows a similar band structure to that of
the #1, featuring an analogous Cu d° orbital
configuration, albeit populated by spin-up elec-
trons. The #2 and #3 structures also show this
pair-wise parity, with two less spin-split states
presenting a band dispersion of only ~ 0.09
eV. The much flatter bands in the #2 and #3
structures were not noted in the previous DFT
studies. Similar band structures between pairs
#1,4 and #2,3 indicate an equivalent or similar
characteristic of the two layers of Pb coordi-
nation and bonding environment. On the other
hand, according to Kurleto et al. [16], the metal-
lic PbgCu(POy4)60O tends to open up the band
gap by further lowering the structural symme-
try if provided with the opportunity. This is
confirmed by the two more energetically fa-
vored #5 and #8 structures with Pb(2) sub-
stitution, which further degenerate to P1 sym-
metry, showing a large band gap. It is worth
noting that in all six possible PbgCu(POy4)sO
configurations, the half-filled flat bands are al-
ways dominated by the minimal p-d hybridiza-
tion between Cu and O, which underscores that
the peculiar band characteristics originate from
the weak Cu-O bonding enabled by the lattice
distortion of Pbyp(PO4)6O host, rather than
the Pb 652 lone-pair states accentuated by Cu-
induced lattice distortion.

In addition to thermodynamic stability,
we also explored the dynamic stability of
these structures. We calculated the har-
monic phonon dispersions of Pb1g(PO4)gO and
PbyCu(PO4)60, as shown in Figure [f{(a,b), re-
spectively. Imaginary phonon modes (pictured
as negative frequencies in Figure |4 show
that both structures are not stable to pertur-
bation at T=0K. As illustrated in the atom-
projected density of states, the unstable phonon

modes in PbgCu(PO4)sO mostly arise from
the oxygen, Pb, and dopant Cu atoms in the
structure, which was also reported in a recent
study by Jiang etal. [39]. Further inclusion
of temperature-dependent phonon renormaliza-
tion might lead to stable phonon modes at fi-
nite temperature [40], but this would imply the
presence of a phase transition at low tempera-
ture suggesting a more stable structure which
is currently unknown.

3. Pb1o(PO,)(OH),

Though LK-99 was reported to be syn-
thesized in a vacuum and did not con-
tain hydrogen in the composition, we inves-
tigated the thermodynamic stability of com-
pound Pbyo(POy4)6(OH)a, which could be syn-
thesized in atmosphere containing hydrogen.
Through a structural search, we found at
least two compounds Cajo(POy4)g(OH)y and
Pb1o(VO4)s(OH)s that occupy a similar struc-
ture as Pb1g(POy4)gO here the difference comes
from the inclusion of hydrogen near the oxygen
sites along the six-fold axis. In Pbyo(PO4)s0,
four O sites are 1/4 partially occupied, while
in these two compounds, two of these four O
sites with the furthest distance between each
other are fully occupied by the OH. We per-
formed an elemental substitution and the struc-
ture of Pbyg(PO4)s(OH)s is shown in Fig-
ure [T{b). The calculated electronic structure
of Pby1p(PO4)6(OH)z is shown in Figure d)
with a wide band gap of 3.56 eV. In contrast
to Pblo(PO4)60, Pblo(PO4)6(OH)2 shows no
isolated valence band near the Fermi level, with
only a flat valence band edge consisting of Pb(2)
652 lone-pair states and O 2p states. The
thermodynamic stability of Pby(PO4)s(OH),
is evaluated and the phase diagram of Pb—P-O-
H is shown in Figure S5[a) in the Supplemental
Information. Pb1o(POy4)s(OH), is calculated as
thermodynamically stable (i.e., on the T=0K
convex hull) and has a small decomposition en-
ergy of 8 meV/atom into its competing phases
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H50 and Pbyg(POy4)O. This indicates a pos-
sibility of the inclusion of hydrogen into LK-
99 when exposed to the ambient atmosphere.
The isopleth convex hull of PoO5—HsO-PbO is
shown in Figure b) to visualize the compet-
ing phases of Pb1g(PO4)s(OH)3 in the Pb-—P—
O-H quaternary phase space.

4. PbgCu(PO4)6(OH)2

In this section, we discuss the Cu-substituted
hydrogen-containing lead phosphate apatite.
Similarly, as the case in section 2, we consid-
ered all inequivalent configurations when Cu
substituted on Pb(1) or Pb(2) sites. This re-
sults in two unique trigonal P3 configurations
when substituting on Pb(1) sites and one unique
triclinic P1 configuration when substituting on
Pb(2) sites. The total energies for the com-
pounds PbgCu(PO4)s(OH)2 with Cu on Pb(1)
sites are -6.388 and -6.385 eV /atom while those
on Pb(2) sites are -6.409 eV /atom. This indi-
cates that the Cu substitution on Pb(2) sites is
more energetically favorable than on Pb(1) sites
by 21 meV/atom, or 0.86 eV per formula unit,
which is close to the previously reported 1.08
eV by Griffin [I5]. This large energy difference
indicates that Cu is very unlikely to substitute
the Pb(1) sites in PbgCu(POy4)s(OH)2, at least

under equilibrium conditions. The convex hull
distance was calculated as 16 meV /atom above
the hull for the lowest energy configuration
of PbgCu(POy4)s(OH)2, competing with HyO,
CuO and Pb3P;0g. The convex hull distances
of both hydrogen-containing and non-hydrogen-
containing compounds with Cu substituted on
either Pb(1) or Pb(2) sites are summarized in
Table [[I] for comparison. The entropic con-
tribution from limited mixing on Pb(2) sites
at 1198K is calculated as 7 meV/atom assum-
ing ideal entropy, still not sufficient to counter
the Ep,y value of 16 meV/atom at the syn-
thesis temperature. However, the convex hull
energy difference between PbgCu(PO4)sO and
PbgCu(POy4)s(OH)2 (favoring the hydrogen-
containing material) again indicates the poten-
tial presence of hydrogen in LK-99, which could
also enhance the Cu solubility in the Pb-apatite.

Parent Compound |[Enyn Cu at Pb(1) |Enun Cu at Pb(2)
Pb1o(PO4)6O 45 meV /atom 39 meV/atom
Pb1o(PO4)6(OH)2 | 38 meV/atom 16 meV /atom

TABLE II. The convex hull distances of both
hydrogen-containing and not hydrogen-containing
compounds with Cu substituted on either Pb(1) or
Pb(2) sites.

three
were

The Dband structures of these
PboCu(POy4)s(OH)2  configurations



calculated and shown in Figure [S6] The two
structures with Cu substitution on Pb(1) site
(#4 and #5) present Cu-O bonding dominated
half-filled flat bands at the Fermi level similar to
that of PbgCu(POy4)sO. The dispersion of the
#4 and #5 flat bands are ~0.08 eV and ~0.14
eV, respectively. In the #1 structure where Cu
is substituted on Pb(2) site, the flat band is
~1.6 eV above the Fermi level. Figure [S7|(e,f)
shows the calculated phonon dispersion of
Pblo(PO4)6(OH)2 and PbgCu(PO4)6(OH)2
They are very similar to the phonon dispersions
of Pblo(PO4)GO and PbgCU(PO4)GO in that
the Cu doped structures exhibit additional
imaginary phonon modes when compared to
their parent compounds.

5. PbgCUQ(PO4)6

The unstable phonon modes observed in
either PbgCu(PO4)GO or PbgCU(PO4)6(OH)2
imply a possible phase transition at low tem-
perature or the existence of a different struc-
ture that is dynamically stable at the ground
state. The atom-projected phonon density of
states shows that the lead, extra oxygen atom,
and the Cu dopant may contribute to the imag-
inary phonon modes at low temperature [39].
Also, the oxygen vacancy formation energy cal-
culation suggests that the Cu dopant increases
the possibility of the formation of oxygen va-
cancies. Here we considered removing the extra
oxygen in the original Pb1g(POy4)sO structure,
and then substituting two Pb atoms with two
monovalent Cu atoms to balance the charge.
Consideration of this novel structure was, in
part, motivated by the fact that several al-
kali metal doped lead apatites have been re-
ported in this structure [28, [41]. One exam-
ple is PbgNas(POy4)g (Figure [5fa)) where four
Pb(1) sites are 50-50 partially occupied by Na
and Pb atoms. Substituting Na with Cu atoms
in this structure and considering all possibili-
ties within a unit cell, we obtained three unique
configurations of PbgCuz(PO4)s. The lowest
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energy configuration is shown in Figure b)
where Cu atoms form a layer in the structure
between two layers of PO, tetrahedra and the
distance between two nearest Cu atoms is 5.56
A. This distance is 6.61 A and 3.10 A respec-
tively in the other two configurations and they
are 8 meV/atom and 19 meV/atom higher in
energy than the presented one.

The convex hull distance of PbgCus(POy4)s is
31 meV/atom above the hull, competing with
Cus0 + PbyP50O7 + Pb3P30g. The synthesis
of the Ag counterpart of this structure was re-
ported in literature [42] and we calculated that
using the same structure as Cu. PbgAga(POy)s
is 5 meV/atom above the hull, competing with
AgsPOy4 + Pb3P30g. The structure with an
Ag layer is also the lowest energy configuration
analogous to the Cu case. We considered two
possible reaction equations for the synthesis of
PbgCuz(POy4)e with 1:1 ratio reactants:

R5: 6 PbQSO5 +6 CU3P —
PbgCHQ(PO4)6 44 PbO 4+ 6 CusS + 2 CuyO

R6: 12 PbySO5+12 CuzP — PbgCUg(PO4)6+

Pb1oPsO25 + 6 PbO + 12 CusS + 5 CuxO

As shown in Figure [3] both R5 and R6 are
negative in reaction energies, and R6 is 15
meV /atom lower in energy than R5. Addition-
ally, R6 is 39 meV /atom above the convex hull,
which is similar in energy with the most favor-
able reaction R3 for PbyCu(PO,4)s0, meaning
that both PbgCuy(POy4)g are likely to be the
product when synthesizing under 1:1 ratio of
PbySO5 and CusP. We suggest that experimen-
tal efforts should attempt the formation of the
newly predicted PbgCus(POy)s.

The electronic band structures were calcu-
lated for both PbgAgs(PO4)g (Figure[5|(c)) and
PbsCuz(PO4)s (Figure[5[d)) in their most sta-
ble configuration. The two compounds are
spin-degenerate semiconductors with a wide
bandgap of 3.11 eV and 2.05 eV, respectively.
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Based on the DOS results, the flat valence band
edge of PbgAgs(POy)s and PbgCus(POy)s is
dominated by Ag—O and Cu—O bonding states,
respectively. The phonon band structures of
PbgAgsa(PO4)s and PbgCus(POy)s are shown
in Figure e,f)7 and they once again show dy-
namic instability at T=0K. However, the low-
est phonon frequencies of the imaginary phonon
modes are higher in frequency compared to
those in the PbgCu(PO4)sO structure. Also,

no imaginary phonon modes are shown along
the T', A and H directions in PbgCus(POy)s
while the imaginary phonon modes can be
found along these directions in PbgCu(PO4)g0.
However, there are three imaginary phonon
modes in PbgCuz(POy4)¢ compared to two in
PbyCu(P0O4)0, which makes it difficult to con-
clude PbgCuy(POy)s is dynamically more sta-
ble than PbgCu(PO,4)sO. Further investigation
of the dynamical stability at finite tempera-



ture through renormalized phonon calculations
should be performed, as the successful reported
experimental synthesis of PbgAgs(POy)s im-
plies that this structure should become dynam-
ically stable at finite temperature.

CONCLUSIONS

In this work, we performed DFT calculations
to study the thermodynamic stability, dynamic
stability, and electronic structure of LK-99 and
its related compounds. Both Pbig(PO4)sO
and Pbig(PO4)s(OH)2 are calculated to be
stable (i.e., on the convex hull) while the
Cu-substituted compounds PbgCu(PO4)sO and
PbgCu(PO4)s(OH)2 are unstable (i.e., above
the convex hull). Many compounds compete
with each other along the PbO-P205 convex
hull and they have some structural similarities.
The Ca—P—-O system has a convex hull similar
to the Pb—P—0O system, and we discovered a new
stable compound PbsPsO19 through the phase
diagram comparison, which completes the phase
space of Pb—P—-O. The phonon dispersions re-
veal dynamic instability in all of these four
structures, and the oxygen vacancy formation
energy calculations suggest that Cu dopant in-
creases the possibility of oxygen vacancy forma-
tion. Therefore, we studied a new configuration
PbgCuz(POy4)s, where two Pb(1) sites in the
original Pb1g(PO4)6O structure are substituted
with two monovalent Cu atoms and the extra
oxygen is removed from the structure. Though
PbgCuy(POy)g is still above the convex hull, the
phonon dispersion shows slightly less instabil-
ity than PbgCu(PO4)s0. Several different reac-
tion equations were proposed and their prefer-
ences were evaluated through reaction convex
hull energies. With a 1:1 ratio of reactants
PbsSO5 and CusP, our findings indicate that
both PbgCuz(PO4)s and PbgCu(PO4)sO are
likely to be synthesized. Our study proposed
a new possible structure for LK-99 and more
sophisticated studies (e.g., renormalized anhar-
monic phonon calculations) on these structures
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are required to explore their dynamic stabilities
at finite temperatures.
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SUPPLEMENTAL INFORMATION

Review of experimental conditions for LK-99

synthesis:

16

Exp.[Ref.] | PbSO5:CugP Balanced Impurities Reactants Mixing Reaction Observations
molar ratio Reaction in Products Conditions Conditions
1 [I11[12] [1:1 (Fig.1) Not shown CugS, Cu(0), Cu(Il) | Not explained Vaccum Sealed | From XPS product
by XRD and XPS (10— Torr), 925 |ratio is Pb:Cu =
°C, 5-20 h 10:0.9.  Not clear
if Lanarkite synthe-
sis was exposed to
air or not. (cf.
main text vs Fig 1
(b)). CusS is Cu(l),
but not mentioned
in XPS analysis.
2 [43] 1:1 Not shown Not mentioned Not explained (by|Vacuum sealed
pictures, it is atmo-|(107° Torr), 925
spheric pressure and | °C, 10 h
exposure to air)
3 [44) 1:1 Not shown CuyS by XRD Not explained Vacuum sealed, 925 |—
°C, 10 h
4 [45] 1:1 Not shown CugS (lower qty.) -Glovebox filled | Compressed sample | Final product is
with Argon (6GPa), vacuum | independent of the
sealed, 925 °C, use of PbySOj5
or  PbySOg  as
reactants.
4.5:6 Not shown CusS The air-exposed | (ratio 1.5 °C/min), | Ratio 1:1 is the key
mixing reactants for |10 h and 20h for getting similar
lanarkite synthesis results to BExp. 1
generate PbySOg (Korean group)
5 [46] Not specified, but|Not shown CusS: described | Not explained Not detailed. Refer
refer to Exp. 1 as red transparent to Exp.1
crystals
6 [47] 1:1 5PbySOp5 + 6CugP |CusS Not explained Vacuum sealed, 925 |Molar ratio of the

—> PbgCuPgOos5 +
5CugS 4 Pb + 7Cu

C, 10 h

experiment is not
the same as the pro-

posed reaction

TABLE S1. Summary of Pb2SO5 and CusP reaction

Possible reaction products considering experimental conditions for LK-99

synthesis:

e Pbyg_,Cu,PgO25, (0.9 < = < 1.1). The range for Cu concentration is not explained in
detail in the original LK-99 papers. According to XPS analysis together with relative atomic
sensitivity, the product ratio Pb:Cu = 10:0.9, at least for one sample.

e CupS has been observed in many experiments (see Table [SI)). Although it is 10 meV /atom
above the hull in OQMD, it could be stabilized under a high concentration of Cu [48]. Since
the ratio of Cu:S is 3:1 within the reactants of the typical LK-99 synthesis, the formation of
Chalcocite (CuyS) + Cu could be favored.

e PbO is in the convex hull of OQMD. Qiang Hou etal. [45] showed that when a ratio 1:1 is
used for either PbySOs5 (stable) or PbsSOg (10 meV/atom above the hull) as reactants with
CusP, the products are the same. Since Pb3SOg phase competes with PbaSO5 + PbO phases,
it is possible that PbO could be formed. Furthermore, it is known that if PbO is favored at
temperatures above 600 °C in the presence of air [49] and in the typical LK-99 synthesis under
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vacuum conditions and with a 1:1 molar ratio for the reactants, there is O-excess that needs
to be consumed.

e Cus0 is in the convex hull of OQMD but is not mentioned in any experimental report. CusO
can be generated by an equimolar reaction of Cu + CuO heated to 800-900 °C in an inert
atmosphere and allowed to cool [50], just as LK-99 synthesis conditions. Additionally, since all
reactions happened under vacuum conditions and the product is cooled down before opening
the quartz tubes, no release of S or O should happen; then O must be part of the final impurity
compositions. With the low O excess in the reaction environment and other competing oxide
phases (like PbO), the most probable impurity phases, based on the Cu-O phase diagram [51],
are CusO + Cu.

e CusPbOs; is on the convex hull of OQMD but is not mentioned in any experimental report.
It can be generated by the reaction between PbO + CuzO, especially when the PbO:CusO
ratio is higher than 50% [52].

Discarded possible reaction products due to experimental conditions for LK-99 synthesis

e PbS is produced with the assistance of HoS gas [53]or as thin films using wet chemistry [54].
e PbS; is generated under high-pressure conditions [55].

e P compounds. Since the molar ratio of reactants is generally 1:1, P is probably consumed
completely during the generation of Pbyg_;Cu,PgOss.
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Possible balanced chemical reactions equations

Based on the previous information, the molar ratio between reactants used is 1:1. The following
balanced chemical reactions were considered for the analysis in the main text of this work. See the
discussion in Sections 2 and 5 and about the implications of them in Figure [3]

General balanced reaction with z = 1:
6 PbySO5 + 6 CU(I)BP — PbgCU(II)PﬁOQ5 +3Pb+6S+50+17Cu
General balanced reaction with z = 2:

6 PbySOs + 6 Cu(I),P — PbgCu(I),PO024 +4Pb+6S +60 + 16 Cu

Possible balanced equation of reaction with x=1:

e R1:
6 PbaSO5 + 6 Cu(I);P — PbgCu(II)PgOg5 + 3 Pb + 6 CuzS + 5 CuO
e R2:
6 PbaSO5 + 6 Cu(I);P — PbgCu(II)PgO25 + 3 PbO + 6 CuaS 4 2 CupO 4 Cu
e R3:

6 PbaSO5 + 6 Cu(I)4P — PboCu(I1)PgOss5 + PO + 6 CusS + 2 CusPhO, + Cu

e R4:
5PbySO5 + 6 Cu(I);P — PbgCu(II)PgO25 + Pb 4 5 CuyS 4 7Cu

Possible balanced equation of reaction with x=2:

e R5:
6 PbySO5 + 6 CU(I)SP — PbgCu(I)2P6OQ4 + 4 PbO + 6 CusS + 2 CusO

Other possibilities:
e R6, by considering the formation of some oxygen vacancies (x =0 & x = 2):

12PboSO5 + 12 Cu(I)3P — PbSCu(I)2P6024 + Pb1gPgO25 + 6 PbO + 12 CusS + 5 Cus O

e R7, not considering the formation oxygen vacancies (x =0 & x = 1):

12PbySO5 + 12 Cu(I);P — PbyCu(II)PgO25 + Pb1gPsO25 + 5 PbO + 12 CuaS 4 5 CupO 4 Cu
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FIG. S1. Crystal structures of P-rich Compounds.
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FIG. S4. Spin-polarized electronic structures and density of states of the six different PbgCu(PO4)sO
configurations. The total energies are -6.484, -6.481, -6.481, -6.487 eV /atom for #1, #2, #3 and #4
structures respectively, where Cu is substituted on Pb(1) site. The total energies are -6.494 and -6.492
eV /atom for #5 and #8 structures respectively, where Cu is substituted on Pb(2) site.



22

a) b)
Region: Pb-P-O-H
P,05 e stable
above hull

[$)

Font Size: Small v

Line Width: 2 V¥
¢ Stable

FIG. S5. The a) Pb—P-O-H phase space and b) convex hull of P2OsH2PbO.
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FIG. S6. Spin-polarized electronic structures and density of states of the three different PbgCu(PO4)s(OH)2
configurations. The total energies are -6.388 and -6.385 eV /atom for #4 and #5 structures respectively,
where Cu is substituted on Pb(1) site. The total energies are -6.409 eV /atom for the #1 structure, where
Cu is substituted on Pb(2) site.
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