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We report ab initio calculations of the electronic and vibrational properties in CuPbg(PO4)sO,
including the electron-phonon coupling strength via strong-coupling Migdal-Eliashberg theory. We
verify the presence of appealing flat electronic bands near the Fermi level, a strong hybridiza-
tion between the Cu 3d and O 2p states, and soft low-energy phonons, which can suggest high-
temperature superconducting behavior. However, the electron-phonon coupling strength appears
insufficient to overcome the Coulomb repulsion between an electron pair and thus does not sup-
port high-temperature superconductivity in CuPbg(PO4)sO via the conventional electron-phonon
Migdal-Eliashberg mechanism. Even neglecting Coulomb repulsion of the electron pair we find this
electron-phonon coupling suggests a superconducting transition temperature less than 2 K.

Ambient pressure superconductivity at room
temperature  has recently been suggested in
Cu,Pbig_(PO4)sO [1, 2], indicating possible progress
towards this challenging and elusive goal [3, 4]. In the
last decades MgBs [5] has advanced superconducting
technologies due to the ability to form and process
MgB, into useful forms, despite a critical tempera-
ture [6, 7] far from the maximum achieved in a material.
Compacted superhydrides have exhibited conventional
superconducting behavior at elevated temperatures
under extreme pressure [8-10], however, employing such
pressure limits these materials’ potential utility. There-
fore, the quest for room temperature ambient pressure
superconductors represents a groundbreaking pursuit
and its achievement would revolutionize applications in-
cluding energy transmission and storage, transportation,
and healthcare [11]. Recently Cu;Pbig_,(PO4)6O with
0.9 < z < 1.1 has exhibited a sudden drop in resistivity,
along with a negative diamagnetic susceptibility, and
distinct voltage spikes below 400 K, attributed to the
strain due to the Cu doping [1, 2], leading to suggestions
it might exhibit high-temperature superconductivity. A
solid-state reaction recipe was presented for the synthesis
of this material, however, the experimental characteri-
zation only measures an average crystal structure and
cannot detect possible changes in local geometries with
respect to the partly filled O sites. The absence to date
of independent reproduction of these results [12-14]
requires further experimental validation, and suggests
that theoretical studies may be helpful. Some electronic
structure calculations [13, 15-18] provide a few encour-
aging but limited results. The appearance of flat CuO
bands, with a relatively high density of states (DOS) at
the Fermi level (Ew), could support high-temperature
superconductivity. However, those calculations do not
rule out magnetic configurations which could suppress
the superconducting behavior [17, 19, 20]. A few studies

suggest substantial effective electron-phonon coupling
due to this elevated DOS in the proximity to Eg in
this material [21, 22], but did not directly simulate the
electron-phonon coupling.

In this letter, we report a systematic study of the elec-
tronic, vibrational, and electron-phonon coupling prop-
erties of CuPbg(PO4)sO through ab initio calculations
within strong-coupling electron-phonon superconductiv-
ity (Migdal-Eliashberg) theory. The calculated lattice
parameters are found in good agreement with previously
reported results, as well as confirming that lattice com-
pression occurs with Cu substitution. The insulating to
metallic transition is attributed to the presence of flat
Cu 3d states hybridized with O 2p states at Ep. As a
result, our electronic structure calculations exhibit a rel-
atively large DOS at Er, and multiple Van Hove singular-
ities [17]. Phonon calculations show that CuPbg(PO4)sO
is dynamically stable with many low frequency vibra-
tion modes below 5 meV. Despite having a high DOS at
FEr and low energy phonons, we found a weak electron-
phonon coupling strength that would only provide pair-
ing below 2K for conventional superconductivity in this
material.

Our ab initio calculations have been performed using
Quantum ESPRESSO [23] with relativistic norm-conserving
pseudopotentials [24] in conjunction with the Perdew-
Burke-Ernzerhof [25] exchange-correlation functional in
the generalized gradient approximation. A plane wave
kinetic-energy (charge density) cutoff value of 80 Ry
(320 Ry), a T'-centered 8 x 8 x 8 Monkhorst-Pack k-
mesh [26], and a Methfessel and Paxton smearing [27]
width of 0.01 Ry have been used for the Brillouin-zone
sampling. The atomic positions and lattice parameters
are optimized until the self-consistent energy is converged
within 2.7 x 107° eV and the maximum force on each
atom is less than 0.005 eV/A. For the DOS and Fermi
surface calculations, denser k-meshes of 16 x 16 x 16 and
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FIG. 1. Crystal structure of Pb1o(PO4)6O in a (a) single

unit cell and (b) supercell. The O with 25% occupancy lies
outside of the POy tetrahedra. There are two distinct non-
equivalent Pb(6h) and Pb(4f) sites. The Pb(6h) atoms form
two triangular layers (with 3.71 A vertical separation and 60°
rotation), whereas the Pb(4f) atoms adopt a hexagonal ar-
rangement. For Cu substitution we considered the Pb(4f)
site marked with a green cross.

32 x 32 x 32 are used. The dynamical matrices and the
linear variation of the self-consistent potential are calcu-
lated within density-functional perturbation theory [28§]
on an irreducible 4 x 4 x 4 q mesh.

Migdal-Eliashberg theory [29, 30], as implemented in
the Electron-Phonon Wannier (EPW) code [31, 32], is used
to investigate the electron-phonon properties. Wannier
interpolation [33] on a uniform 8 x 8 x 8 I'-centered k-
grid is used to calculate the Cu 3d and O 2p orbital
Wannier functions used in the electron-phonon calcula-
tions. Denser (uniform) 20 x 20 x 20 k- and g-point grids
are used for electron-phonon matrix element calculations.
Effective Coulomb repulsion values of pu* = 0,0.1, 0.15,
and 0.2 are used to estimate the superconducting criti-
cal temperature by self-consistently solving the isotropic
Migdal-Eliashberg equations. The Matsubara frequency
cutoff is set to 1.5 eV and the Dirac deltas are replaced by
Lorentzians of width 50 meV for electrons and 0.1 meV
for phonons.

The apatite crystal structure of Cu,Pbig—.(PO4)O
with 0.9 < x < 1.1 is obtained by replacing a specific Pb
sublattice with a Cu atom from the parent Pb1o(PO4)sO
compound [34]. The parent structure [Fig. 1(a)], which
exhibits semiconducting behavior [15, 22, 35], contains
six Pb(6h) and four Pb(4f) sites as well as six POy tetra-
hedra each containing P, O(1), O(2), and O(3) with 6h,
6h, 121, and 6h sites, respectively, forming a unit cell with
hexagonal symmetry. We notice that Pb(6h) and Pb(4f)
are often inconsistently labeled as Pb(1) and Pb(2) in the
literature [15, 34-36]. The Pb(6h) atoms form two trian-
gular layers connected by a hexagonal symmetry plane
perpendicular to the c-axis and separated by 3.71 A with
a 60° rotation, whereas the Pb(4f) atoms adopt a hexag-
onal arrangement [Fig. 1(b)]. In addition, four O(4)
atoms occupy 4e sites constituting a quarter of the oc-
cupancy [Fig. 1(a)]. We note that in Ref. 1 (Fig. 3e)
oxygens outside the unit cell are shown, which can sug-
gest that there are two O(4) atoms; only one O(4) atom is
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FIG. 2. Electronic properties of CuPbg(PO4)sO: band struc-
ture in wide (a) and narrow (b) energy windows, density of
states (c), and Fermi surface (inset) [37].

in each cell [15, 34-36]. To model this partial occupancy
we considered the structure with the lowest energy, si-
multaneously maintaining full occupation of one out of
the four O(4) sites. Here, the energy difference between
different oxygen occupancies is less than 0.2 meV /atom.
The structural optimization slightly shifts the position of
the O(4) atom along the c-axis. This O atom lies outside
the POy, tetrahedra, inducing a potential local distortion.

To model the CuPbgy(POy4)gO structure we replaced
one of the Pb atoms by Cu. However, the exact site
within the Pb sublattice where the Cu atom is substi-
tuted remains uncertain. Therefore we examined Cu sub-
stitutions in one of the (identical) Pb(6k) and one of the
(identical) Pb(4f) sites individually to identify the po-
sition of lowest energy. These calculations confirm that
a Cu at the Pb(6h) site is energetically favorable form-
ing a bond of length 1.93 A with Cu-O(4). Instead of
transforming the system to metallic, the structure re-
mains semiconducting with a band gap of ~1 eV, consis-
tent with previous results [19, 35]. The structure with
Cu substituted at the Pb(4f) site is ~0.3 eV/fu (per
formula unit) higher in energy with respect to the one
substituted at the Pb(6h) site, in agreement with pre-
vious work [17], and shows a metallic electronic band
structure (discussed later). As Migdal-Eliashberg theory
begins from a metallic state, we assumed the Pb(4f) lo-
cation was preferred over the Pb(6h) site, as shown by
the green cross in Fig. 1(a). The optimized lattice pa-
rameters of the Cu-substituted system (a = 9.957 A e
— 7430 A, and V = 637.94 A?’) decrease relative to the
parent structure (¢ = 10.032 A, c = 7.492 A, and V =
652.99 A3). Here, the position of O(4) is found displaced
by ~0.3 A along the c-axis without altering the hexago-
nal symmetry. The shrinkage of lattice parameters and
reduction in volume agrees with experimental and theo-



retical reports [1, 15].

Figure 2(a) and 2(b) show the electronic band struc-
ture of CuPbg(PO4)gO along the high symmetry points
of the full Brillouin zone. The Brillouin zone is hexag-
onal and the two identical sheets of the Fermi surface
lie on the identical K and K’ points, as shown in the
inset of Fig. 2(a). The Cu 3d and O 2p orbital contri-
butions are indicated by the blue and red colors. Here,
the 2p, and 2p, orbitals of O strongly hybridize with
all the 3d orbitals of Cu, except 3d.,2. Fig. 2(b) shows
the metallic band structure within a small energy win-
dow close to the Ey, in which a flat band, predomi-
nantly of Cu 3d and O 2p character, crosses Er. This
band has a camel shape dispersion with the two humps
at the K and H points of the Brillouin zone along the
M-K-T" and L-H-A directions. These crossings produce
a waisted cylindrical shaped Fermi surface with a K (or
K’)-centered hole pocket [Fig. 2(a) inset]. The DOS and
orbital projections are shown in Fig. 2(c). The Cu 3d
and O 2p orbitals contribute equally at Fgr. As the
electronic band structure and DOS remain relatively un-
changed across a broad energy range, spin-orbit coupling
is not considered. We note that the electronic structure
of CuPbg(PO4)60O is not consistent among the recent the-
oretical studies [13, 15, 16], especially regarding the rel-
ative position of Fg. The primary reason for this incon-
sistency appears to be sensitivity to the convergence pa-
rameters (such as k-mesh, energy cut-off, and the value
of smearing) and the pseudopotential types used. We
have used norm-conserving pseudopotentials and found
that the relative position of Er lies ~30 meV above the
one calculated with projector augmented wave pseudopo-
tentials, especially in the I'-A Brillouin zone direction.
Therefore, we must examine the sensitivity of our results
(discussed in the electron-phonon coupling) to a small
shift on either side of Fr.

Figure 3(a), 3(b), and 3(c) show the calculated phonon
dispersions of CuPbg(PO4)sO along with the atom-
projected phonon DOS (PHDOS). The optical phonons
exhibit a distinct flat dispersion relation across the entire
vibrational spectrum, whereas the acoustic branches dis-
play conventional linear behavior. As a result of the flat
phonon dispersion, sharp peaks in the PHDOS are ob-
served. The complete spectrum is divided into four parts:
low frequency vibrations below 35 meV, intermediate fre-
quency vibrations 40-55 meV and 60-70 meV, and high
frequency vibrations above 105 meV. The lower frequency
modes predominantly correspond to vibrations of the Pb
atoms, whereas the modes within the intermediate range
(60-70 meV) and the higher frequency modes are asso-
ciated with vibrations of the P atoms. The vibrations
of the O atoms extend across the entire spectrum; they
are an integral part of the PO, tetrahedra, giving rise to
collective oscillations involving mixed vibrational modes
with other atoms. This indicates a complex interplay
of chemical bonding and structural flexibility of the PO4

tetrahedra in CuPbg(PO4)s0O. Even within the harmonic
approximation the Cu substitution primarily impacts the
low-frequency modes below 15 meV [Fig. 3(c)], as Cu is
considerably heavier than the O and P atoms. Cu vibra-
tions, mixing with the lighter atom modes, may induce
substantial anharmonicity and mode coupling, highlight-
ing the pivotal role of lattice distortions on the electronic
and vibrational properties.

To further assess whether CuPbg(PO4)sO would
superconduct via the strong-coupling electron-phonon
mechanism, we examine the isotropic Eliashberg spec-
tral function o? F(w) and the cumulative electron-phonon
coupling strength A [Fig. 3(d)]. A sharp increase in the
o?F(w) distribution is found up to 20 meV, indicating
strong electron-phonon coupling in the low frequency re-
gion. This is unsurprising because of the large value
of the DOS at Fg. Further, near the intermediate fre-
quency 40 meV a sharp peak is noticed in o?F(w). A
continuous isotropic electron-phonon coupling strength
Ank, ranging from 0.3 to 0.5, develops on the Fermi sur-
face [Fig. 3(e) and Fig. 3(f)] with a peak at the K-point
of the Brillouin zone. Consequently, a weak (~0.4) av-
erage electron-phonon coupling strength is found, insuf-
ficient to support conventional electron-phonon strong-
coupling high-temperature superconductivity. It is con-
cerning that the obtained value of A lies within the up-
per range of the Coulomb interaction parameters that
have been reported for some conventional superconduc-
tors [38-40]; thus the electron-phonon pairing is unlikely
to be robust in the presence of repulsion, implying the
superconducting transition temperature will not exceed
a few K.

Even neglecting the Coulomb repulsion of the electron
pair we find that the value we obtain for the electron-
phonon coupling suggests a superconducting transition
temperature less than 2 K. We estimate the super-
conducting transition temperature by solving tempera-
ture dependent coupled nonlinear Eliashberg equations
to find the superconducting gap, incorporating the ef-
fective Coulomb repulsion p*, in the isotropic approx-
imation [30, 41]. The temperature at which the gap
vanishes is the superconducting transition temperature.
Calculated superconducting transition temperatures of
250 mK, 26 mK, and ~0 mK correspond to more realis-
tic effective Coulomb repulsion values of p* = 0.1, 0.15,
and 0.2. Hence we do not see any signature of high-
temperature superconductivity in CuPbg(POy4)sO that
can be described by conventional strong-coupling Migdal-
Eliashberg theory.

To assess the accuracy of these electron-phonon cal-
culations for CuPbg(POy4)sO, we examined their sensi-
tivity to the Fermi energy. The variation of the DOS
and the cumultative electron-phonon coupling strength
are shown in Fig. 3(g) for a rigid shift in the Fermi en-
ergy on either side of Er between -50 meV and 20 meV
in steps of 10 meV. As expected the value of electron-
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FIG. 3. Vibrational and electron-phonon properties of CuPbg(PO4)6O. Phonon dispersions are plotted in wide (a) and narrow
(b) energy windows. (c) Phonon density of states (PHDOS) along with the atomic projection of the PHDOS. (d) PHDOS,
Eliashberg spectral function a”F(w), and total electron-phonon coupling strength A, (where A(w) = [ [¢*F(w)/(2w)] dw) and

the units of o?F(w) are normalized to its peak value). (e) Momentum-resolved anisotropic electron-phonon coupling Anx on
the Fermi surface plotted in a primitive Brillouin zone [37]. (f) Distribution of the electron-phonon coupling strength Ak. (g)
Variation of the DOS and A with respect to energy relative to Er.

phonon coupling strength increases as the DOS increases
(and conversely), and reaches its largest value, 0.5, for
a -50 meV shift in Er. The overall shape of a?F(w) for
a shifted Fermi energy is similar to the one calculated
at the actual Ep, but with a stronger coupling observed
in the low-frequency modes. However, the value of the
electron-phonon coupling strength remains insufficient to
overcome electron-electron repulsion and produce high-
temperature superconductivity.

To wunderstand the correlated electron magnetism
in CuPbg(POy4)sO, we have performed spin polarized
electronic structure calculations incorporating electron-
electron correlation (Hubbard parameter Uep; = U — J
= 3.0 ¢V [15] where U and J are the on-site Coulomb
repulsion and on-site exchange interaction). Both with
and without U.;y we found a total magnetic moment
of ~1 pp/fu. (with ~0.6 pp/Cu) in the ferromagnetic
spin configuration. These results indicate that the on-
site electron correlation has no significance on the po-
tential for superconductivity, as also suggested by recent
reports [15, 17].

We employed ab initio Migdal-Eliashberg theory to
identify whether or not the electron-phonon coupling
strength found in CuPbg(PO4)sO is sufficient to de-
scribe its high-temperature superconducting behavior via
a strong-coupling electron-phonon mechanism. Elec-
tronic structure calculations indicated flat electronic
bands, described by strongly hybridized Cu 3d and O 2p
states, close to the Fermi level along with relatively low
non-dispersive phonon frequencies, predominantly asso-
ciated with vibrations of Pb. These features could sug-
gest strong-coupling high-temperature superconductiv-

ity via the electron-phonon mechanism. Unfortunately,
we calculate a low cumulative electron-phonon coupling
strength. Our obtained value may not be enough even
to overcome the Coulomb repulsion between two elec-
trons forming a Cooper pair and produce superconduc-
tivity at any temperature. However, even if the sys-
tem can become superconducting, our calculated value of
the electron-phonon coupling strength does not support
high-temperature superconductivity in CuPbg(PO4)sO
via a strong-coupling electron-phonon mechanism within
Migdal-Eliashberg theory.

This work is supported by the U.S. Department of En-
ergy, Office of Science, Office of Basic Energy Sciences
under Award Number DE-SC0016379. The Ames Na-
tional Laboratory is operated for the U.S. Department
of Energy by Iowa State University of Science and Tech-
nology under Contract No. DE-AC02-07CH11358. We
acknowledge use of the computational facilities at the
University of Towa (Argon cluster).

* hari-paudyal@Quiowa.edu

' michaelflatte@quantumsci.net

¥ durga@ameslab.gov

[1] S. Lee, J.-H. Kim, and Y.-W. Kwon, arXiv preprint
arXiv:2307.12008 (2023).

[2] S. Lee, J. Kim, H.-T. Kim, S. Im, S. An, and K. H. Auh,
arXiv preprint arXiv:2307.12037 (2023).

[3] J. A. Flores-Livas, L. Boeri, A. Sanna, G. Profeta,
R. Arita, and M. Eremets, Phys. Rep. 856, 1 (2020).

[4] B. Lilia, R. Hennig, P. Hirschfeld, G. Profeta, A. Sanna,
E. Zurek, W. E. Pickett, M. Amsler, R. Dias, M. I.


mailto:hari-paudyal@uiowa.edu
mailto:michaelflatte@quantumsci.net
mailto:durga@ameslab.gov
https://arxiv.org/abs/2307.12008
https://arxiv.org/abs/2307.12008
https://arxiv.org/abs/2307.12037
https://doi.org/10.1016/j.physrep.2020.02.003

Eremets, C. Heil, R. J. Hemley, L. Hanyu, Y. Ma,
C. Pierleoni, A. N. Kolmogorov, N. Rybin, D. Novoselov,
V. Anisimov, A. R. Oganov, C. J. Pickard, T. Bi,
R. Arita, I. Errea, C. Pellegrini, R. Requist, E. K. U.
Gross, E. R. Margine, S. R. Xie, Y. Quan, A. Hire,
L. Fanfarillo, G. R. Stewart, J. J. Hamlin, V. Stanev,
R. S. Gonnelli, E. Piatti, D. Romanin, D. Daghero, and
R. Valenti, J. Condens. Matter Phys. 34, 183002 (2022).

[5] J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani,
and J. Akimitsu, Nature 410, 63 (2001).

[6] V. Braccini, D. Nardelli, R. Penco, and G. Grasso, Phys.
C: Supercond 456, 209 (2007).

[7] R. Penco and G. Grasso, IEEE Trans. Appl. Supercond.
17, 2291 (2007).

[8] A. Drozdov, M. Eremets, I. Troyan, V. Ksenofontov, and
S. I. Shylin, Nature 525, 73 (2015).

[9] M. Somayazulu, M. Ahart, A. K. Mishra, Z. M. Geballe,
M. Baldini, Y. Meng, V. V. Struzhkin, and R. J. Hemley,
Phys. Rev. Lett. 122, 027001 (2019).

[10] P. Kong, V. S. Minkov, M. A. Kuzovnikov, A. P. Droz-
dov, S. P. Besedin, S. Mozaffari, L.. Balicas, F. F. Bal-
akirev, V. B. Prakapenka, S. Chariton, D. A. Knyazev,
E. Greenberg, and M. I. Eremets, Nat. Commun. 12,
5075 (2021).

[11] C. Yao and Y. Ma, iScience 24 (2021).

[12] L. Liu, Z. Meng, X. Wang, H. Chen, Z. Duan,
X. Zhou, H. Yan, P. Qin, and Z. Liu, arXiv preprint
arXiv:2307.16802 (2023).

[13] K. Kumar, N. Karn, Y. Kumar, and V. Awana, arXiv
preprint arXiv:2308.03544 (2023).

[14] K. Kumar, N. Karn, and V. Awana, Supercond. Sci.
Technol. 36, 10LT02 (2023).

[15] L. Si and K. Held, Phys. Rev. B 108, L121110 (2023).

[16] L. Si, M. Wallerberger, A. Smolyanyuk, S. di Cataldo,
J. M. Tomczak, and K. Held, arXiv preprint
arXiv:2308.04427 (2023).

[17] Y. Sun, K.-M. Ho, and V. Antropov, arXiv preprint
arXiv:2308.03454 (2023).

[18] J. Lai, J. Li, P. Liu, Y. Sun, and X.-Q. Chen, J. Mater.
Sci. Technol. 171, 66 (2024).

[19] J. Zhang, H. Li, M. Yan, M. Gao, F. Ma, X.-W. Yan,
and Z. Xie, arXiv preprint arXiv:2308.04344 (2023).

[20] S. Das, H. Paudyal, E. Margine, D. Agterberg, and
I. Mazin, npj Comput. Mater. 9, 66 (2023).

[21] S. M. Griffin, arXiv preprint arXiv:2307.16892 (2023).
[22] J. Cabezas-Escares, N. Barrera, C. Cardenas, and
F. Munoz, arXiv preprint arXiv:2308.01135 (2023).

[23] P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau,
M. B. Nardelli, M. Calandra, R. Car, C. Cavazzoni,
D. Ceresoli, M. Cococcioni, N. Colonna, I. Carnimeo,
A. D. Corso, S. de Gironcoli, P. Delugas, R. DiStasio,
A. Ferretti, A. Floris, G. Fratesi, G. Fugallo, R. Gebauer,
U. Gerstmann, F. Giustino, T. Gorni, J. Jia, M. Kawa-
mura, H.-Y. Ko, A. Kokalj, E. Kiiglikbenli, M. Lazzeri,

M. Marsili, N. Marzari, F. Mauri, N. L. Nguyen, H.-
V. Nguyen, A. O. de-la Roza, L. Paulatto, S. Poncé,
D. Rocca, R. Sabatini, B. Santra, M. Schlipf, A. P. Seitso-
nen, A. Smogunov, I. Timrov, T. Thonhauser, P. Umari,
N. Vast, X. Wu, and S. Baroni, J. Phys.: Condens. Mat-
ter 29, 465901 (2017).

[24] M. J. van Setten, M. Giantomassi, E. Bousquet, M. J.
Verstraete, D. R. Hamann, X. Gonze, and G.-M. Rig-
nanese, Comput. Phys. Commun. 226, 39 (2018).

[25] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).

[26] H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188
(1976).

[27] M. Methfessel and A. T. Paxton, Phys. Rev. B 40, 3616
(1989).

[28] S. Baroni, S. de Gironcoli, A. D. Corso, and P. Gian-
nozzi, Rev. Mod. Phys. 73, 515 (2001).

[29] P. B. Allen and R. C. Dynes, Phys. Rev. B 12, 905 (1975).

[30] E. R. Margine and F. Giustino, Phys. Rev. B 87, 024505
(2013).

[31] S. Poncé, E. Margine, C. Verdi, and F. Giustino, Com-
put. Phys. Commun. 209, 116 (2016).

[32] H. Lee, S. Poncé, K. Bushick, S. Hajinazar, J. Lafuente-
Bartolome, J. Leveillee, C. Lian, J.-M. Lihm,
F. Macheda, H. Mori, H. Paudyal, W. H. Sio, S. Tiwari,
M. Zacharias, X. Zhang, N. Bonini, E. Kioupakis, E. R.
Margine, and F. Giustino, npj Comput. Mater. 9, 156
(2023).

[33] G. Pizzi, V. Vitale, R. Arita, S. Bliigel, F. Freimuth,
G. Géranton, M. Gibertini, D. Gresch, C. Johnson,
T. Koretsune, J. Ibanez-Azpiroz, H. Lee, J.-M. Lihm,
D. Marchand, A. Marrazzo, Y. Mokrousov, J. I. Mustafa,
Y. Nohara, Y. Nomura, L. Paulatto, S. Poncé, T. Pon-
weiser, J. Qiao, F. Thole, S. S. Tsirkin, M. Wierzbowska,
N. Marzari, D. Vanderbilt, I. Souza, A. A. Mostofi, and
J. R. Yates, J. Phys.: Condens. Matter. 32, 165902
(2019).

[34] S. V. Krivovichev and P. C. Burns, Z. fiir Krist. - Cryst.
Mater. 218, 357 (2003).

[35] R. Liu, T. Guo, J. Lu, J. Ren, and T. Ma, arXiv preprint
arXiv:2308.08454 (2023).

[36] R. Kurleto, S. Lany, D. Pashov, S. Acharya, M. van
Schilfgaarde, and D. S. Dessau, arXiv preprint
arXiv:2308.00698 (2023).

[37] M. Kawamura, Comput. Phys. Commun. 239, 197
(2019).

[38] Y. An, J. Li, K. Wang, G. Wang, S. Gong, C. Ma,
T. Wang, Z. Jiao, X. Dong, G. Xu, R. Wu, and W. Liu,
Phys. Rev. B 104, 134510 (2021).

[39] C. Heil, S. Poncé, H. Lambert, M. Schlipf, E. R. Margine,
and F. Giustino, Phys. Rev. Lett. 119, 087003 (2017).

[40] M. Kostrzewa, R. Szczesniak, J. K. Kalaga, and I. A.
Wrona, Sci. Rep. 8, 11957 (2018).

[41] P. B. Allen and B. Mitrovi¢, Solid State Phys. 37, 1
(1983).


https://iopscience.iop.org/article/10.1088/1361-648X/ac2864/meta
https://www.nature.com/articles/35065039
https://www.sciencedirect.com/science/article/pii/S0921453407000329
https://www.sciencedirect.com/science/article/pii/S0921453407000329
https://ieeexplore.ieee.org/abstract/document/4277661
https://ieeexplore.ieee.org/abstract/document/4277661
https://www.nature.com/articles/nature14964
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.027001
https://www.nature.com/articles/s41467-021-25372-2
https://www.nature.com/articles/s41467-021-25372-2
https://doi.org/10.1016/j.isci.2021.102541
https://arxiv.org/ftp/arxiv/papers/2307/2307.16802.pdf
https://arxiv.org/ftp/arxiv/papers/2307/2307.16802.pdf
https://arxiv.org/ftp/arxiv/papers/2308/2308.03544.pdf
https://arxiv.org/ftp/arxiv/papers/2308/2308.03544.pdf
https://iopscience.iop.org/article/10.1088/1361-6668/acf002/meta
https://iopscience.iop.org/article/10.1088/1361-6668/acf002/meta
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.108.L121110
https://arxiv.org/abs/2308.04427
https://arxiv.org/abs/2308.04427
https://arxiv.org/abs/2308.03454
https://arxiv.org/abs/2308.03454
http://dx.doi.org/ https://doi.org/10.1016/j.jmst.2023.08.001
http://dx.doi.org/ https://doi.org/10.1016/j.jmst.2023.08.001
https://arxiv.org/abs/2308.04344
http://dx.doi.org/ 10.1038/s41524-023-01017-4
https://arxiv.org/abs/2307.16892
https://arxiv.org/abs/2308.01135
http://dx.doi.org/10.1088/1361-648X/aa8f79
http://dx.doi.org/10.1088/1361-648X/aa8f79
https://www.sciencedirect.com/science/article/pii/S0010465518300250
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1103/PhysRevB.40.3616
http://dx.doi.org/10.1103/PhysRevB.40.3616
http://dx.doi.org/10.1103/RevModPhys.73.515
http://dx.doi.org/10.1103/PhysRevB.12.905
http://dx.doi.org/10.1103/PhysRevB.87.024505
http://dx.doi.org/10.1103/PhysRevB.87.024505
http://dx.doi.org/ https://doi.org/10.1016/j.cpc.2016.07.028
http://dx.doi.org/ https://doi.org/10.1016/j.cpc.2016.07.028
https://doi.org/10.1038/s41524-023-01107-3
https://doi.org/10.1038/s41524-023-01107-3
http://dx.doi.org/10.1088/1361-648X/ab51ff
http://dx.doi.org/10.1088/1361-648X/ab51ff
https://doi.org/10.1524/zkri.218.5.357.20732
https://doi.org/10.1524/zkri.218.5.357.20732
https://arxiv.org/abs/2308.08454
https://arxiv.org/abs/2308.08454
https://arxiv.org/abs/2308.00698
https://arxiv.org/abs/2308.00698
http://dx.doi.org/10.1016/j.cpc.2019.01.017
http://dx.doi.org/10.1016/j.cpc.2019.01.017
https://doi.org/10.1103/PhysRevB.104.134510
http://dx.doi.org/ 10.1103/PhysRevLett.119.087003
https://www.nature.com/articles/s41598-018-30391-z
https://doi.org/10.1016/S0081-1947(08)60665-7
https://doi.org/10.1016/S0081-1947(08)60665-7

	Implications of the electron-phonon coupling in CuPb9(PO4)6O for superconductivity: an ab initio study
	Abstract
	References


