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Recently, Lee et al. claimed the experimental observation of room-temperature ambient-pressure superconduc-
tivity in a Cu-doped lead apatite [Pbo_,Cu,(PO4)cO] [S. Lee et al., arXiv:2307.12008 and arXiv:2307.12037].
The study revealed the Cu doping induces a chemical pressure, resulting in a structural contraction of one-
dimensional Cu-O-Cu atomic column. This unique structure promotes a one-dimensional electronic conduction
channel along the ¢ axis mediated by the O atoms, which may be related to superconductivity. These O
atoms occupy 1/4 of the equivalent positions along the ¢ axis and exhibit a low diffusion activation energy of
0.8 eV, indicating the possibility of diffusion between these equivalent positions. Here, using a machine-learning
based deep potential, we predict the pressure-induced fast diffusion of 1/4-occupied O atoms along the one-
dimensional channel in Pb;((PO4)sO at 500 K, while the frameworks of Pb triangles and PO tetrahedra remain
stable. The calculation results also indicate Cu doping can provide appropriate effective chemical pressure,
indicating the one-dimensional ion diffusion channel may appear in PbyCu(PO,)sO, even at ambient pressure.
Our finding shows that the one-dimensional ion diffusion channel may be an important factor to affect the

fabrication and electrical measurement of doped lead apatite.

DOI: 10.1103/PhysRevB.108.224114

I. INTRODUCTION

Recently [1,2], Lee et al. claimed the experimental
observation of room-temperature and ambient-pressure super-
conductivity in a Cu-doped lead apatite [Pb;g—_,Cu,(PO4)s0,
i.e., LK-99]. The relevant experimental characterizations in-
dicate LK-99 exhibited a sharp drop in electrical resistance to
zero and diamagnetism below 400 K. This remarkable asser-
tion swiftly garnered global attention, prompting an influx of
subsequent experimental investigations [3-9] as well as theo-
retical research [10-15]. These endeavors collectively aimed
to replicate the superconductive sample and subsequently elu-
cidate its intricate mechanism.

The atomic configuration of LK-99 holds paramount
importance, as the original experimental papers estab-
lished a connection between its superconductivity and the
one-dimensional atomic cylindrical column found in its
parent phase, Pbo(PO4)¢O [1,2]. At room temperature,
Pb;p(PO4)sO has a hexagonal structure with P63/m space
group [16]. The Pb and O atoms can be divided into Pb1, Pb2,
Ol1, and O2 depending on their site symmetry. Among them,
Pb2 atoms arrange into layered triangles, visually represented
by blue and red markings in Fig. 1. Four O1 atoms and one
P atom form a tetrahedral PO4 unit, and the O2 atoms align
linearly along the ¢ axis. Recent density-functional theory
(DFT) calculations have substantiated the ability of the 2p
orbitals of O2 atoms to establish a one-dimensional electron
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cylindrical conduction channel along the ¢ axis surrounded
by insulating POy units [10,12]. In a primitive unit cell, it is
important to note that the O2 atom is 1/4 occupied in the four
equivalent positions along the one-dimensional channel [see
Fig. 1(b)] [17]. The Cu doping induces a considerable struc-
tural contraction of the one-dimensional Cu-O2-Cu column.

Although extensive theoretical research has delved into
the electronic structure of LK-99 and parent phase [10-15],
the atomic configuration-related properties, especially the sta-
bility of the one-dimensional Pb2-O2-Pb2 atomic column at
finite temperatures and pressures, remain enigmatic. Regret-
tably, structural thermodynamics and kinetics properties prove
to be beyond the capacity of DFT due to the large system sizes
and simulation times involved.

To solve this problem and determine the atomic
configuration-related properties, we develop a machine-
learning based deep-potential (DP) model using a training
dataset from DFT calculations. Machine-learning potential
has the flexibility and nonlinearity necessary to describe a
complex interatomic environment from the perspective of
many body using a deep neural network. Therefore, DP model
is capable of large-scale atomistic dynamic simulation at finite
temperatures and pressures without any empirical parameter.

Herein, we find that our DP model can describe the struc-
ture and other structure-related properties of Pbig(PO4)sO
over a wide pressure range with DFT accuracy. Using the
DP model, we employ deep potential molecular dynamics
(DPMD) simulations to investigate the structural stability and
diffusion of 1/4-occupied O2 atoms at finite temperatures
and pressures. We find that the crystal structure is stable at
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FIG. 1. (a) Top view of the crystal structure of Pb;o(PO,)sO. The Pb2 atoms form two oppositely shaped triangles marked by blue and red
lines. The O2 atoms are 1/4 occupied long the ¢ axis. The O1 atoms denote other O atoms forming tetrahedral PO, units. (b) Side view of the
crystal structure, highlighting a cylindrical column centered at 1/4-occupied O2 atoms.

high temperature (~1000 K), and it changes to disorder state
above 1200 K. More importantly, we predict that the pressure
of 4 GPa can induce a fast diffusion of 1/4-occupied O2 in
one-dimensional channel along the ¢ axis at 500 K, while
the Pb2 triangles and PO, tetrahedron framework remain
stable. Our calculation results also indicate Cu doping can
provide appropriate effective chemical pressure, indicating the
one-dimensional ion diffusion channel may appear in LK-99,
even at ambient pressure. Our finding shows that the one-
dimensional atomic column is not only an electron conduction
channel but also a fast ion diffusion channel.

II. COMPUTATIONAL DETAILS
A. Deep potential of Pb;y(PO,)sO

Molecular dynamics (MD) simulation is an idea tool
for studying thermodynamics and kinetics properties. How-
ever, the classical interatomic interaction potentials for
Pb;p(PO4)sO and PbyCu(PO4)sO were not available cur-
rently. Machine-learning based deep potential is a powerful
tool to provide high-accuracy interaction potential [18,19].
The basic idea of DP is construction of deep neural network
and to fit the DFT calculation data of abundant configura-
tions. For a well-trained DP model, given any large-scale
configuration, it can figure out the corresponding total energy
and atomic forces at DFT-level accuracy. To obtain a highly
accurate DP model, a large number of representative config-
urations are needed. Here, we adopt a concurrent learning
procedure that automatically generates configurations, cov-
ering the entire potential-energy surface configuration space
[20]. The concurrent learning procedure contains a series of
iterations, and each iteration includes three steps: (1) train-
ing the DP model from initial training dataset, (2) exploring
configurations by running DPMD simulations at different
temperatures and pressure, and (3) labeling configurations and
adding them to the training dataset, then repeating step (1)
again. In the exploration step, DP model is used for MD sim-
ulations at various temperatures (10 ~ 1800 K) and pressures
(1 bar ~ 8 GPa) to extend the configuration space.

Here, we only train a DP model for Pb;((PO4)60 instead of
PbyCu(POy4)60, because after Cu doping, the PbgCu(PO4)sO

becomes metallic, with one half-filled flatband crossing the
Fermi level [3,10,11,17]. Such a complex characteristic of
half-filled flatband makes it hard to guarantee the convergence
of DFT calculations for perturbed configurations. This may
significantly affect the accuracy of machine-learning poten-
tial. In contrast, the Pb;o(PO4)sO is a nonmagnetic insulator
with a band gap of 2.77 eV. The robustness of electronic
structure is a benefit for the convergence of DFT calcula-
tions. We start with 1 x 1 x 2 supercell of DFT-optimized
ground-state hexagonal P63/m phase Pb;o(PO4)sO. After
iterating this procedure 22 times, 5313 training configura-
tions were generated. The DP model is trained using these
configurations and corresponding Perdew-Burke-Ernzerhof
(PBE)-based DFT energies, with fitting deep neural network
of size (240, 240, 240). The DEEPMD-KIT code is used for
training of the DP model [19]. The DP compression scheme
was applied in this work for accelerating the computational
efficiency of the DPMD simulations [21].

B. Density-functional theory calculations

The first-principles DFT calculations were performed
using a plane-wave basis set with a cutoff energy of
520 eV as implemented in the Vienna Ab initio Simula-
tion Package (VASP) [22,23]. For bulk Pb;g(PO4)sO, the
electron exchange-correlation potential was described us-
ing the Perdew-Burke-Ernzerhof (PBE) functional [24]. The
Brillouin zone was sampled with a 4 x 4 x 5 Monkhorst-
Pack k-point grid for the primitive hexagonal unit cell. The
convergence criteria for the energy and forces were set to
107 eV and 0.005 eV/A, respectively. The climbing-image
nudged elastic-band (NEB) method was used to find the
minimum-energy path for the diffusion of O2 atoms along the
one-dimensional channel [25]. To take account of the correla-
tion effects of Cu 3d electrons, the on-site Coulomb repulsion
was considered in the DFT calculations by using Hubbard U
of 2 eV [26]. The determination of pressure magnitude was
achieved using the PSTRESS tag within the VASP code. When
the pressure is designated, the code incorporates this stress
into the stress tensor and supplements the energy with an
additional value of E = volume x pressure.
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FIG. 2. Benchmark test of DP against DFT results. Comparison of (a) energies and (b) atomic forces calculated using the DP and DFT for
5313 configurations in training dataset. DP and DFT energy variation for different (c) hydrostatic pressure and the (d) O2 migrations along

translation pathway with minimum barrier.

C. Molecular dynamics simulations

The MD simulations were performed using the LAMMPS
code with periodic boundary conditions [27]. In an explo-
ration step, the MD simulations adopt the isobaric-isothermal
(NPT) ensemble with temperature set from 10 to 1800 K
and pressure set from 1 bar to 8 GPa. An isothermal-
isobaric (NPT) ensemble with a Nosé-Hoover thermostat and
Parrinello-Rahman barostat are employed to control temper-
ature and pressure, respectively [61,62]. The time step in
simulations is set to 1 fs. The well-trained DP can be used to
study the atomic dynamics driven by temperature and pressure
via performing DPMD simulations, with the DPMD simula-
tions starting with an 8 x 4 x 8 supercell (8 x 7 x 6nm?) of
coordinate rotation hexagonal phase containing 20 992 atoms.
In DPMD simulations, the equilibrium run is 50 ps, followed
by a production run of 2 ns at a specified temperature and
pressure to find the equilibrium state. The lattice constant and
atomic distances were calculated by the average of 20000
snapshots in 2 ns of equilibrium state.

III. RESULTS AND DISCUSSION

A. Accuracy of deep potential model

The accuracy of the DP model determines the reliability of
DPMD simulation. Therefore, it is first benchmarked against

DFT results to confirm the accuracy of the DP model. The
comparison between DP and DFT calculated results for 5313
configurations is shown in Figs. 2(a) and 2(b). We find a good
agreement with a mean absolute error is 1.67 meV /atoms
for energies and 0.068 eV /A for forces, respectively. Table
summarizes equilibrium atomic structure and total energy op-
timized by DP and DFT for hexagonal phase at 0 K. All lattice
constants and interatomic distance predicted by DFT and DP
are almost equal, demonstrating that our DP predictions are
in good agreement with DFT calculations. The equations of

TABLE I. Lattice constants and interatomic distances of hexag-
onal phase at 0 K predicted by DFT and the DP model.

DFT (A) DP (A)
Lattice a, b 10.030 10.031
Lattice ¢ 7.487 7.491
Pb2-Pb2 in triangles 1
(marked by red in Fig. 1) 4.560 4.553
Pb2-Pb2 in triangles 2
(marked by blue in Fig. 1) 3.943 3.944
Pbl1-Pbl 5.791 5.792
Total energy (eV) —268.5692 —268.5686
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FIG. 3. Phonon-dispersion relations for relaxed hexagonal phase using (a) 1 x 1 x 1 and (b) 2 x 2 x 2 supercell by DP model. The
negative acoustic branches on the L-H-A (k, = 0) plane in 1 x 1 x 1 supercell become positive as the cell is doubled. Instead, the imaginary
phonon branch on the G-M-K-G (k, = 0) plane is still negative, which may be caused by low temperature.

state of the hexagonal phase calculated by DFT and DP model
are presented in Fig. 2(c). The DP model reproduces well
the DFT results over a wide range of lattice constants (strain
of —0.07 ~ 0.06). In addition, we determined the minimum-
energy path of O2 atom diffusion along a one-dimensional
channel by using the NEB method [25]. Figure 2(d) shows
the comparison of DFT and DP energy profiles of O2 atom
diffusion pathway between one and four equivalent posi-
tions, and DP energy profiles agree with DFT results for
the pathway. The calculated O2 diffusion activation energy
is ~ 0.8 eV, indicating the possibility of O2 atom diffusion
between four equivalent positions. Phonon-dispersion relation
is the strictest criterion for testing the accuracy of DP model.
The calculated phonon-dispersion relations of 1 x 1 x 1 and
2 x 2 x 2 hexagonal supercells by the DP model are shown
in Fig. 3, which agree well with the DFT results reported
by recent works [3,28]. It is interesting that the negative
acoustic branches on the L-H-A (k, =m) plane in the 1 x
1 x 1 supercell become positive as the unit cell is doubled
as shown in Fig. 3(b). Instead, the imaginary phonon branch
on the G-M-K-G (k, = 0) plane is still negative, which may
be caused by low temperature. Recently, Jiang et al. stud-
ied the effect of temperature on phonon of Pb;o(PO4)O via
electronic smearing in the harmonic approximation [3]. They
found that the imaginary branch on the k, = 0 plane becomes
positive as the temperature rises higher. In the future, a deep
understanding is needed as the phonon branch on the k, = 0
plane becomes negative at low temperature. In summary, the
systematic benchmark shows that the DP model has excellent
DFT-level accuracy, and is capable of predicting a range of
temperature and pressure properties of Pb;o(PO4)sO from first
principles.

B. Thermal stability of hexagonal Pb,(,(PO,4)sO

We perform NPT DPMD simulations of 20 992-atom su-
percell with increasing temperature from 0 to 1800 K to
explore the thermal stability of Pb;o(PO4)sO. The lattice
constant of ¢ axis as a function of temperature is shown in

Fig. 4(a). With the increase of temperature to 1000 K, it can
be observed that the lattice constant of the ¢ axis increases
slightly. The corresponding snapshot of atomic structures [in-
set of Fig. 4(a)] and the partial radial distribution functions
(RDFs) of Pb-Pb and Pb-P in Fig. 4(b) clearly show that the
hexagonal Pb;o(PO4)sO maintains perfect crystalline struc-
ture at 1000 K. Increasing the temperature beyond 1200 K,
the Pb-Pb and Pb-P RDFs peaks vanish at distances larger than
8 A [see Fig. 4(b)]. This substantial modification indicates that
Pb;p(PO4)sO melts into liquid. Accompanying solid-liquid
transition is a sudden increase of lattice constant from 7.7 to
8.0 A. The snapshots of corresponding atomic structures in the
inset also clearly show that a disordered structure forms above
1200 K. Therefore, the DP predicted melting temperature of
Pb]o(PO4)6O is ~1200 K.

C. High oxygen ion diffusivity in one-dimensional channel

02 atom is 1/4 occupied in the four equivalent posi-
tions along the ¢ axis and its diffusion activation energy is
~0.82 eV. It supports a diffusion of oxygen ions between
these equivalent positions along the one-dimensional channel.
DPMD simulations allow a deeper understanding of oxygen
ion diffusion. The ion diffusivity can be determined from
the evolution of the mean-square displacement (MSD) as a
function of simulation time at finite temperature and pressure.
Figures 5(a) and 5(b) compare the MSD curves of O2 in the
a-b plane and along the ¢ axis under ambient pressure and
4 GPa at 500 K. At ambient pressure, the average MSD of O1
and O2 atoms are the constants with time and the magnitude
is small. It indicates that the vibration of oxygen atoms is
confined in local area and without diffusion. Specifically, for
02 atom, the MSD along the ¢ axis is significantly larger than
in the a-b plane, indicating that the anisotropy of vibration and
the amplitude is large along the ¢ axis. Figure 5(c) presents the
typical trajectories of marked O1 and O2 (marked by yellow)
atoms. It confirms again that all the oxygen atoms vibrate at
local area and do not diffuse to the neighboring positions at
ambient pressure.
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FIG. 4. Crystal structural properties of hexagonal Pb,,(PO,4)¢O on heating. (a) Variation of lattice parameter of ¢ axis at temperatures from
0 to 1800 K. The insets show the partial snapshot of atomic structures at 1000 and 1200 K. (b) Radial distribution function g;;(r) of the atomic
structures at 1000 and 1200 K.

Interestingly, upon application of 4-GPa pressure at the =~ MSD remains a constant that does not change with time [see
same temperature (500 K), the MSD of O2 along the ¢ axis Fig. 5(b)]. It indicates that the O2 atoms diffuse along the ¢
is increased with the time linearly, while in the a-b plane the axis. The corresponding migration trajectories of O2 (marked
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FIG. 5. Mean-square displacement (MSD) of O1 and O2 atoms in the a-b plane and along the ¢ axis under (a) ambient pressure and (b)
4GPa. Trajectories of O1 and O2 atoms marked by yellow in hexagonal Pb,((PO,)sO under (c) ambient pressure and (d) 4 GPa. All the DPMD
simulations were performed at 500 K.
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FIG. 6. DPMD-calculated all oxygen (O1 and O2) atom trajec-
tories in slice of hexagonal supercell at 500 K and 4 GPa. It clearly
indicates the one-dimensional diffusion channels of O2 diffusion.

by yellow) are shown in Fig. 5(d). The O2 atom diffuses away
from the initial equilibrium position to a neighboring equi-
librium position, then hops between several positions along
the ¢ axis. In this process, these O2 atoms will exchange
their position, but they do not diffuse in the a-b plane, which
means all O2 atoms were confined in the one-dimensional
channel. O2 atoms diffuse in the one-dimensional channel
with a diffusion coefficient of 7.3 x 10~®cm? s~ !, which is
almost the same order of magnitude as liquid [29]. Mean-
while, the O1 atoms formed tetrahedral PO, units and Pb-Pb
triangles remained quite rigid under pressure. The fast O2
diffusion may be attributed to that the pressure lowers the
diffusion activation energy along the c axis. Figure 6 presents
the migration trajectories of all O atoms in a slice of hexagonal
structure supercell at 500 K and 4 GPa, and it clearly con-
forms to the one-dimensional channels of O2 diffusion. These
results indicate that the pressure can induce a 1/4-occupied
02 atoms diffusion in the one-dimensional channel, while the
framework is still rigid and it will maintain crystal. It should
be pointed out that the critical temperature for oxygen atom
diffusion depends on hydrostatic pressure. Increasing pressure
(or effective pressure) can reduce the critical temperature. For
instance, when pressure is 6 GPa, the critical temperature is
~ 300 K. The segregation of doped element in the local region
may generate a greater pressure, and thus reduce the critical
temperature.

The experimental papers reported the atomic structure is
entirely affected by the stress and strain created by Cu doping
[1,2]. Therefore, an appropriate structural contraction was
generated in LK-99 at ambient pressure. The structural change
mainly affects the contraction of the Pb atom-formed trian-
gle. Therefore, we identify Pb-Pb distances as a descriptor
for lattice contraction. To evaluate the effective chemical
pressure of Cu doping, we perform DFT calculation with
different hydrostatic pressures. Figure 7 shows the variation
of the calculated Pb-Pb distance under different hydrostatic
pressures. One can observe a linear decrease of Pb-Pb dis-
tance with increasing pressure. We found that Cu doping

Effective pressure from Cu doping
_2.45GPa (NM) _4.12 GPa (DFT+U FM)

4.6 —

45

44t

Pb-Pb distances (A)

41+

|
T
Hydrostatic pressure (GPa)

1 n 1

FIG. 7. The Pb-Pb distances for different hydrostatic pressures
and the effect of Cu doping on the structure is equivalent to the
pressures of 2.45 and 4.12 GPa in nonmagnetic (NM) and DFT+U
ferromagnetic (FM) calculations.

shrinks the Pb-Pb distance to 4.36 10%, which is equivalent
to effective pressure of 2.45 GPa. In consideration of cor-
relation effects of Cu 3d electrons, we incorporated the
Hubbard U correction and ferromagnetic configuration in
calculation. It reduces the Pb-Pb further distance to 4.26 A
and the corresponding effective pressure is 4.12 GPa. It
indicates the one-dimensional diffusion channel was consid-
ered to appear in Cu-doped Pb;o(PO4)¢O, even at ambient
pressure.

IV. CONCLUSION

In summary, we developed a machine-learning based
DP model to describe energetic and dynamic properties of
PbioCu(PO4)sO (parent phase of LK-99), which has DFT-
level accuracy at the PBE level. Then we used the DP model
to simulate temperature-driven solid-liquid phase transition,
and we found that the hexagonal phase changes to disor-
der state at 1200 K. More importantly, DPMD simulations
predict the pressure-induced strongly anisotropic diffusion
of 1/4-occupied O2 atoms, resulting in the diffusion of O2
atoms in one dimension along the ¢ axis. However, the
Pb2 triangles and PO, tetrahedron framework remain rigid
under pressure. According to DFT calculations, Cu doping
generates the contraction of Pb-Pb triangular structure under
ambient pressure, which is equivalent to hydrostatic pressure
of 2.45 GPa. It indicates the pressure and dopant would be
useful for anisotropic transportation of ions at the nanome-
ter level in specific material. Pressure-induced anisotropic
transportation opens the possibilities for design of innovative
microelectronic device, such as memristor electrochemical
ionic synapse.

All the input files, final training datasets, and DP model
files to reproduce the results contained in this paper are avail-
able on AIS Square website [30].
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