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ABSTRACT: Lead phosphate apatite, the parent compound of
the proposed room-temperature superconductor LK-99, fea-
tures a [Pb;o(PO,)s]" scaffold with a charge-compensating
oxide ion. This O™ occupies a 4e site in the P6;/m unit cell,
with 25% probability on average. We model the occupancy of
this site from substoichiometric (x = 0) to superstoichiometric
(x = 4) regimes in Pb,((PO,)s0,. Doping is predicted by
adjusting the oxygen composition within the (0001) channel,
with evidence for strong O—O correlation. This behavior
introduces a sensitivity to the crystal growth and annealing
conditions, with an opportunity for novel functionality to
emerge.

he Pb" ion, with its characteristic Pb 6s> lone electron
I pair, is a building block of materials widely used for
energy conversion and storage. These include the
family of lead halide perovskites used in photovoltaics,
chalcogenide thermoelectrics, as well as oxide-based batteries
and ferroelectric ceramics. In contrast, lead phosphates have
drawn more attention in environmental chemistry,1 until their
recent study as hosts for room-temperature superconductivity
when doped with Cu.”’ Ambient superconductivity has the
potential to revolutionize energy transport and storage if
realized in a reproducible and scalable form.

The stoichiometric combination of PbO and NH,H,PO, has
been used to synthesize single crystals of Pb,(PO,),0,
Pbg(PO,),0s, and Pb,o(PO,)¢O, where the formal 2+ charge
of the Pb cation is balanced by phosphate (PO, ™) and oxide
(O™) anions.” The latter compound crystallizes in an apatite-
type crystal structure with the hexagonal space group P6;/m. A
key feature of the structure is two channels (Figure 1a). There
are two distinct lead sites, with Pb(1) ions on 6h sites in
channel 1 at z = 1/4 and 3/4, while the Pb(2) ions sit on 4f
sites in channel 2 around z = 0 and 1/2. The structure
obtained from refinement of single-crystal X-ray diffraction
data features an oxide ion on a 4e site with 0.25 occupancy, on
average.”

Here, we report an ab initio electronic structure and
thermodynamic analysis of the Pb;,(PO,)¢O crystal in
stoichiometric, oxidized, and reduced forms. We are motivated
by both the chemical flexibility of the apatite structure and the
known sensitivity of ceramic superconductors to oxide
stoichiometry and strong O—0O interactions.” One can envision
conditions where the oxide sublattice is empty Pb,,(PO,),
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half-occupied Pb,(PO,)s0,, or filled Pb,;(PO,)¢O,. These
oxidation and reduction reactions can be written as

Pb,,(PO,)sO — Pb,,(PO,)s + 1/202(g) (1)
Pb,o(PO)s0 + 150,(g)  Pbyy(PO,)0, @)
Pb,,(PO,),O + 3/202(g) — Pb,y(PO,)s O, 3)

From the perspective of a defect process, the three reactions
can be considered as the formation of an ordered defect
compound of oxygen vacancies (eq 1) or oxygen interstitials
(eqs 2 and 3). Total energy calculations of the reactants and
products were performed using density functional theory with
the PBEsol® exchange-correlation functional as implemented in
VASP,’ considering both scalar relativistic effects for structure
relaxation and spin—orbit coupling (SOC) for the associated
electronic structure and thermodynamic analysis, with a plane-
wave basis set using a kinetic energy cutoff of 750 eV. The
atomic forces were converged to within 0.01 eV/A. We use a
setup similar to the recent computational analysis of LK-99,°
with full details reported in the Supporting Information (SI),
section S1.
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Figure 1. (a) Crystal structure of Pb,,(PO,)sO highlighting the two (0001) channels and partially occupied oxide 4e site in channel 1. (b)
Electron density of states and band structure (PBEsol+SOC), with features characteristic of Pb" oxides.” The {0001) direction corresponds
to the I'-to-A line in reciprocal space. (c) Electron density map of the valence band maximum and conduction band minimum at an

isosurface value of 0.0015 e/A3 around channel 1.

For stoichiometric Pb,((PO,)sO, there is one configuration
for the occupancy of the O 4e site in a single unit cell
Configurations involving supercell expansions are considered
in Figure SI.

Structure optimization results in a large relaxation of the
oxide coordinate along the ¢ axis, from (0,0,0.134) to
(0,0,0.242), where it moves to the same plane as Pb(1),
Figure la. The valence and conduction bands are localized
around channel 1, which contains the O 4e sites. Further
chemical bonding analysis is provided in SI section S3 (Figures
$2—56). The electronic band dispersion in reciprocal space is
anisotropic, with calculated electron (hole) effective masses of
1.5 (0.9) m* and 10.3 (3.7) m, respectively (Table S1).
Similarly, the high (low) frequency dielectric constants are
calculated to be 4.4 (21.8) and 4.2 (48.6), respectively, within
density functional perturbation theory.

Oxide loss (eq 1) leaves all 4¢ sites empty and results in a
two-electron reduction. These excess electrons fill channel 1
due to the occupation of the conduction band formed of
overlapping Pb 6p orbitals, Figure 2a, where SOC localizes two
electrons in a Pb triangle. The localization of the electron
density is characteristic of a low-dimensional electride.'”""
These are the same 6p orbitals involved in forming the
conduction band of Pb- and Bi-containing perovskites, where
their overlap is determined by the topology of the crystal
structure.'”

For partial oxidation (eq 2), a second 4e site is occupied by
O. This gives rise to three arrangements of O in a unit cell, i.e.,
[[(JOO], [00], and [[JO[JO], where [] represents an
empty 4e site. We find evidence of strong O—O attraction, with
relative energies of 0, 0.3, and 1.3 eV, respectively, for the three
configurations further explored in Figure S9. Spontaneous
peroxide formation quenches the generation of holes; i.e., two
oxides interact to produce a peroxide anion (O,™™) with an
O—0O separation of 1.47 A in the lowest energy nearest-
neighbor configuration. We note that peroxide-doped apatite
crystals are known.'” Attempts to trigger a Pb bipolaron
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Figure 2. Electronic band structure and Fermi-level electron
density of (a) x = 0 (electron-excess), (b) x = 2 (peroxide
formation), and (c) « 4 (superoxide formation) forms of
Pb,o(PO,)¢0, at an isosurface value of 0.0015 e/A% Additional
electronic analysis is provided in SI sections S$4 (Figures S7 and
S$8), S6 (Figures S10—S13), and S7 (Figures S14 and S15).

through manual distortions, i.e., alternative charge compensa-
tion by Pb(II) to Pb(IV) oxidation, proved unsuccessful.

For full oxidation (eq 3), all 4e sites are occupied by O. Here
we again observe spontaneous dimerization, this time
indicative of superoxide formation with the transition from
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407" to 20,7". A sequence of alternating long (2.29 A) and
short (1.36 A) O—O connections emerges along the ¢ axis.
This process avoids oxidation and the generation of delocalized
holes. The z,* orbitals in these two superoxide anions (O,™)
interact within the channel to produce a zero gap state (Figures
2c and S15). Again, superoxide anions have been reported in
apatite channels."’

The calculated reaction thermodynamics are summarized in
Table 1. Exchange with gaseous oxygen introduces a

a

Table 1. Thermodynamics of Oxidation and Reduction

AGyy, (eV), AGhigh (eV),

Reaction at T = 1223 K (298 K) at T = 1223 K (298 K)
(1) 1.64 (3.31) 2.37 (3.48)
(2) 1.49 (0.38) 1.32 (0.20)
3) 5.49 (2.15) 4.96 (1.62)

“The optimized cell parameters are a 984 A ¢ = 736 A
(Pb,x(PO,)s0); a =9.80 A, c = 7.28 A (Pb,o(PO,)s); a=9.71 A, c =
7.34 A (Pb,o(PO,)¢0,); and a = 10.03 A, c = 7.29 A (Pb,,(PO,)40,).
The reaction energies are calculated for low (1 X 107 atm) and high
(1 atm) p(O,) from the sum of products minus the sum of reactants.

dependence on the chemical potential. We consider typical
growth and ambient conditions of T = 1223 and 298 K, with
representative low (1 X 107° atm) and high (1 atm) partial
pressure of an O, ideal gas for reduction (eq 1) and oxidation
(egs 2 and 3), respectively. The formalism is further described
in SI section SI. Oxygen loss and gain can proceed with
relatively low energetic cost (<2 eV per oxygen exchange).
None of the reactions are spontaneous, indicating that
complete oxidation or reduction of Pb;y(PO,)sO will not
occur under typical processing conditions. While non-
stoichiometry through partial occupancy of the 4e site under
ultra-high-vacuum conditions can support a modest density of
excess electrons (Keq(l) 2 X 1077), we predict that an
appreciable concentration of peroxide anions will form with an
equilibrium constant of Keq<2) =4 X 107* for reaction 2 at high
p(0,) and room temperature.

In summary, the underlying electronic structure of
Pb,,(PO,)¢O is typical of Pb" heteropolar crystals used in
optoelectronic and energy conversion technologies, with
strong features of the Pb 6s” lone pair. Such chemical features
have been highlighted for the Cu-doped compound”® and in the
context of Ba(Bi,Pb)O; superconductors.'* We noted a
deviation in the relaxed O 4e coordinate from the original
experimental structure, while a recent reinvestigation of the
crystal structure has also highlighted the complexity of oxygen
ordering.”” Tt has also been suggested that the synthesis route
for LK-99 can lead to hydroxide formation, i.e.,
Pb,,(PO,)s(OH),,"'® with the possibility of the channel
being occupied by various combinations of O, O,, OH, and
site vacancies, depending on the material processing
conditions.

There are signs of an intrinsic resistance to hole doping in
lead phosphate apatite, with spontaneous peroxide and
superoxide formation bridging the O sites and avoiding free
charge carrier generation. The oxygen content in the channel
significantly affects the local electronic structure of the material
from a large gap insulator to a small or a zero gap state. The
mobility of oxygen in this channel, the inclusion of hydrogen
and hydroxide, and the influence of oxygen stoichiometric
variations on extrinsic impurities such Cu will make this a
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fertile crystal system for further investigation of defect
processes in low dimensions.
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