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We perform a high-throughput computational search for novel phonon-mediated superconductors, start-
ing from the Materials Cloud three-dimensional structure database of experimentally known inorganic
stoichiometric compounds. We first compute the Allen-Dynes critical temperature (72P) for 4533 non-
magnetic metals using a direct and progressively finer sampling of the electron-phonon couplings. For
the candidates with the largest 7°P value, we use automated Wannierizations and electron-phonon inter-
polations to obtain a high-quality data set for the most promising 250 dynamically stable structures, for
which we calculate spectral functions, superconducting band gaps, and isotropic Migdal-Eliashberg criti-
cal temperatures. For 140 of these, we also provide anisotropic Migdal-Eliashberg superconducting gaps
and critical temperatures. The approach is remarkably successful in finding known superconductors and
we find 24 unknown ones with a predicted anisotropic 7. value above 10 K. Among them, we identify a
possible double-gap superconductor (p-doped BaB,), a nonmagnetic half-Heusler ZrRuSb, and the per-
ovskite TaRu3C, all exhibiting significant 7, values. Finally, we introduce a sensitivity analysis to estimate

the robustness of the predictions.

DOI: 10.1103/sb28-1jc9

I. INTRODUCTION

Superconductors play an important role in many modern
technologies, finding applications in magnetic-resonance-
imaging machines, maglev trains, and large-scale research
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infrastructures such as the large-hadron collider at CERN.
Over the past century, many classes of materials have
been identified as new potential superconductors, but the
most commonly used ones are still Nb-Ti alloys and A15
phases such as Nb3Sn [1], which are well described by the
Bardeen-Cooper-Schrieffer (BCS) theory of superconduc-
tivity [2,3]. High-temperature superconductors at ambient
pressure, such as cuprates [4] and iron-based [5] super-
conductors, have much higher transition temperatures (7,)
but often come with challenges that hinder their practi-
cal use, such as brittleness, anisotropic superconductivity
requiring precise grain alignment, and low critical cur-
rents, not to mention a still elusive theoretical foundation.

Published by the American Physical Society
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Until the last century, around one hundred stoichiomet-
ric ambient-pressure BCS superconductors had been found
[6], representing only one (on average) new superconduc-
tor every year since the discovery of superconductivity,
with most recent efforts delivering near-room-temperature
critical temperatures, albeit at ultrahigh pressures [7].
Despite extensive efforts, targeted or serendipitous discov-
eries have not fulfilled the demand for high-performance
superconductors for industrial and scientific applications
and a cost-effective computational search is also desirable.

During the past few decades, first-principles calcu-
lations have played an increasingly important role in
both understanding and predicting the material-specific
aspects of superconductivity (for a review, see, e.g.,
Ref. [2]). Although understanding high-temperature super-
conductivity is still challenging [8], conventional BCS
superconductors are typically tractable and can be stud-
ied readily via well-established techniques [9—11]. There-
fore, a number of efforts have recently emerged to find
new phonon-driven superconductors using ab initio evo-
lutionary search [12,13], machine-learning approaches
[14-22] or high-throughput screening [16,23—26]. Machine-
learning approaches are often (but not exclusively [27])
based on training on the experimental SuperCon database
[6,20], which contains chemical formulas but not the
crystal structures and focuses primarily on nonconven-
tional superconductors. Instead, high-throughput studies
based on first-principles calculations have relied on coarse
momentum-grid integrations for screening and have per-
formed accurate calculations on a small number of promis-
ing candidates. As shown before [28] and also highlighted
here, a precise calculation of the electron-phonon inter-
actions, essential for determining superconductivity, typ-
ically requires an ultradense sampling of the Brillouin
zone.

The EPW code [29,30] can perform such precise inter-
polations of the electron-phonon matrix elements at a
low computational cost. However, performing an exten-
sive search using these advanced methods has remained
elusive up to now, as obtaining the relevant maximally
localized Wannier functions (MLWFs) [31] has historically
required a combination of chemical intuition and trial-and-
error efforts. In this work, we combine recent develop-
ments in automated Wannierization algorithms [32] with
the AiiDA computational infrastructure [33,34] to perform
a systematic and reproducible screening of the Materi-
als Cloud three-dimensional (3D) database (MC3D) [35]
for BCS superconductors. Importantly, the MC3D has been
obtained combining three crystal-structure databases (the
Crystallography Open Database (COD) [36], the Inorganic
Crystal Structure Database (1CSD) [37], and the Mate-
rials Platform for Data Science (MPDS) [38]), filtering
out, to the maximum extent, entries that are not backed
by experimental results, and keeping only stoichiomet-
ric compounds at standard conditions. The goal here is

to explore, with state-of-the-art electronic structure cal-
culations, known materials for novel properties, in the
same spirit as Mounet ef al. [39], rather than predicting
novel materials (with all the challenges that it entails for
novel properties [40]). Starting from a set of 4533 non-
magnetic metals (as predicted from Kohn-Sham density-
functional theory (DFT), which under-estimates band
gaps), we first perform an initial screening at progressively
higher levels of precision using the Standard Solid-State
Pseudopotentials (SSSP) library [41] which also includes
projector-augmented-wave-method [42] pseudopotentials.
Based on these results, we select the top 949 materi-
als, for which we perform a new structural relaxation but
this time using the PseudoDojo library [43] which con-
tains exclusively norm-conserving pseudopotentials. Out
of these, we exclude 47 materials found to be magnetic
after an additional test, 347 materials due to calcula-
tion failures or unconverged results, 270 showing unsta-
ble phonon modes, and 33 due to an insufficient quality
in the interpolated band structures. From the remaining
252 promising candidates, we compute Wannier functions,
Eliashberg spectral functions o’F(w), and the isotropic
Migdal-Eliashberg superconducting 7%°. At that stage, two
fail due to node failure, giving 250 73*°. Finally, for the
144 materials with a 7' larger than 5K, we perform a
full anisotropic Migdal-Eliashberg superconducting cal-
culation. These final calculations are memory intensive
and four fail for this reason, leaving a final set of 140
anisotropic 7"°-value predictions. For each material, our
database, openly available on the Materials Cloud archive
[44] and presented in the Supplemental Material [45],
reports electronic band structures and phonon dispersions,
Eliashberg spectral functions oa’F(w), Allen-Dynes T, val-
ues [46], and isotropic and anisotropic Migdal-Eliashberg
superconducting gaps A,x and 7, values [28]. To our
knowledge, this effort represents the largest database of
converged anisotropic superconducting Migdal-Eliashberg
calculations.

From the list of 250 71%° candidates, we find that
82 of them are known superconductors with a 7. value
in reasonable agreement with experiment when account-
ing for the experimental mismatch with the computed
structure. The remaining 168 compounds are not known
to be superconducting and 24 of these have a pre-
dicted 7, value above 10K. To ensure the robustness
of these predictions with respect to the (approximate)
Kohn-Sham band structures and the position of the
Fermi energy (which in experiments can be affected
by defects and unintentional doping or self-doping), we
introduce a sensitivity criterion based on homogeneous
doping within the rigid-band approximation. We then
discuss in detail three appealing examples: the hole-
doped two-gap superconductor BaB,, the potentially first
half-Heusler superconductor ZrRuSb, and the perovskite
TaRu;sC.
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II. RESULTS

A. Screening of the MC3D database and
high-throughput calculations

We start our screening from a set of Crystallographic
Information File (CIF) files extracted from three databases
available in the literature: MPDS [38], ICSD [37], and COD
[36]. We have analyzed these extensively and combined
them into a database of unique experimentally known
structures at ambient conditions. Subsequently, each struc-
ture has been optimized with DFT calculations following
a strict protocol, after initializing them in a high-spin
ferromagnetic state to identify magnetic materials. The
optimized geometries are published as the Materials Cloud
3D database (MC3D) [35], details of which are provided in
Sec. 1 of the Supplemental Material [45]. Starting from the
MC3D, nonmagnetic materials with 12 atoms or less in the
primitive unit cell are considered (see Fig. 1). Finally, met-
als are selected based on the Fermi level and occupations
at the Kohn-Sham DFT level, leading to 4533 compounds
that we screen for potential superconductivity.

8.
MPDS ¢@
 J

coo Ccsp

901210 CIF files

Extract unique experimental

structures with < 12 atoms

10195 (Table A)

Relax geometry

Select nonmagnetic metals

4533 (Table B)

(®"

1599 (Table C)

Calculate T, (0.5/A)
Select top

949 (Table D)

FIG. 1. The initial screening of the experimentally known
materials. The structures are extracted from the MPDS [38], COD
[36], and 1CSD [37] databases using the QUANTUM ESPRESSO
electron-phonon coupling workflow. Tables A, B, C, and D cor-
respond to the full list of materials belonging to each category
and published with this work [44].

Next, we calculate the electron-phonon interactions
using density-functional perturbation theory as imple-
mented in the QUANTUM ESPRESSO distribution [47]. In
our initial screening, we have created a workflow to cal-
culate the Eliashberg spectral function and corresponding
Allen-Dynes TAP, progressively increasing the precision
of the calculations by using denser and denser phonon
(q@) and commensurate electron (k) sampling grids. In
the first step, we use a coarse homogeneous g-point grid
with density 0.7 A~! and identify structures with a TP
above 1K as potential superconductors. In the second iter-
ation, a q-point grid with density 0.5A~! is used, from
which we make a selection of the 949 structures with
the highest 7, value: see Sec. IV for additional details
on the workflow and Sec. 2 of the Supplemental Material
[45] for details on the structures, soft modes, and failure
rate. Although this initial screening, based on the linear-
interpolation approach of Wierzbowska ef al. [48], is a
solid first step to detect materials as superconductors, a
significant number of structures have a T2 that is not
yet converged with respect to sampling (see Sec. 2 of
the Supplemental Material [45]). Since denser grids are
computationally prohibitive and the Allen-Dynes approx-
imation to the 7, value has limited accuracy [28], in the
final step of our screening we use the EPW code [29,30]
to interpolate electron-phonon matrix elements on ultra-
dense grids at low computational cost. Thus, we take the
top 949 candidates with the goal of first calculating the
isotropic Eliashberg 7. value using the EPW code (see
Fig. 2). Since magnetism aligns spins in a particular direc-
tion, it breaks the spin-singlet pairing of Cooper pairs [49]
and is detrimental to standard superconductivity. We there-
fore first perform both a nonmagnetic and ferromagnetic
structural relaxation of all the materials to determine if
the ferromagnetic solution is more stable (in order to dis-
card it), resulting in a set of 893 nonmagnetic metals. To
perform the interpolations with EPW, we rely on the k-point
version of the “selected columns of the density matrix”
method (SCDM-k) [32] to automatically generate maxi-
mally localized Wannier functions that span the occupied
and lowest unoccupied bands, and that act as an essen-
tially exact interpolator of the Kohn-Sham band structures
[31]. In the coarse-grid calculations required to set up the
Wannier interpolations, the workflows for 275 compounds
failed, mostly due to issues related to reaching compu-
tational convergence or resource limits (out-of-memory
errors or time limits) (for a detailed account of the error
rates, see Sec. 2 of the Supplemental Material [45]). For
the remaining 618 coarse-grid calculations, we interpolate
the phonon band structure and apply an acoustic sum rule
that enforces the 15 Born-Huang conditions [50] and then
check the dynamical stability of the structure.

At this stage, we exclude six materials due to non-
Hermiticity of the dynamical matrices due to the dipole-
dipole interatomic force constant ansatz [51]; for the 612
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FIG. 2. The flowchart of the electron-phonon Wannier (EPW) workflow. The pipeline starts from the top candidates obtained from
the initial QUANTUM ESPRESSO screening. The red arrows corresponds to structures that are discarded along the pipeline due to failed
runs, magnetism, the presence of soft modes, or an insufficient quality of the Wannierization.

interpolated phonon dispersions, we find that 238 have
soft modes away from I', which indicates potential insta-
bilities. We also find 99 structures with soft modes at I"
that we try to stabilize by applying a random perturba-
tion of the atomic positions and relaxing the geometries;
this allows us to stabilize a further 15 structures. For
the remaining 290 materials, we assess the quality of the
Wannier-function interpolation by comparing an electronic
band structure directly calculated with DFT and the inter-
polated one, accepting a maximum 50-meV-weighted band
distance [41]. This leads us to 252 structures that are
dynamically stable and have accurate Wannier interpola-
tions of the electronic band structure. These are then passed
to the superconductivity workflow (see Fig. 2), which per-
forms an automatic convergence of the interpolation mesh
based on T2P. Once T2P is found to converge within
1 K, another run is performed to calculate the isotropic
Eliashberg critical temperature 7'*° with the correspond-
ing interpolation mesh. During this automatic convergence
of the interpolated momentum meshes, we exclude two
materials due to convergence issues, which leaves 250
materials for which we perform a converged 7*° calcula-
tion. For the 144 structures that have a T'° above 5K, we
perform a final anisotropic Eliashberg 72" calculation to
obtain the superconducting gap A,x(7) on the Fermi sur-
face. During the anisotropic Eliashberg calculations, four
materials failed due to out-of-memory error or reaching
execution time limits, leading to a final set of 140 high-
quality tightly converged anisotropic Eliashberg results.
Additional details on the EPW workflow are provided in
Sec. IV.

B. Analysis of the supercond-EPW database

The resulting database of structures and properties,
called supercond-EPW, contains the primitive unit cells,
electronic band structures, phonon dispersions, Eliashberg
spectral functions a?F (), T->7 on the fine grid, and Tise
for 250 metals. For 140 of these having a T'° > 5K, we
also provide the T?“iSO and A, (7) values. These results are
reported in Sec. 7 of the Supplemental Material [45] and
on the Materials Cloud archive [44]. To understand which
of the structures among these candidates are known super-
conductors, we perform an extensive literature survey and
search for reported critical temperatures. We find that 137
out of 250 materials have been experimentally investigated
for their critical temperature and, for 82 of them where the
structure and not only the chemical formula is reported,
we can confirm that the experimental structure matches the
calculated one (see Sec. 7 of the Supplemental Material
[45]). From these, eight are false positives (not supercon-
ducting down to 1K). This means that 74 (90%) of the
structures for which we have a confirmed experimental
result are true positives, which is a strong indication that
our procedure can reliably identify superconducting mate-
rials from a large pool of initial candidates. To assess the
risk of removing materials erroneously (false negatives),
we have extracted a list of 32 well-known superconductors
from the literature and investigated how many of these are
discarded by our procedure (see Sec. 3 of the Supplemental
Material [45]). Of these, we missed seven; these include
three failures in the phonon calculation (which could be
resolved in future improvements of the workflows to make
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them more robust) and two due to an insufficient interpo-
lation quality of the band structure (an issue that can be
resolved via improved approaches to automated Wannier-
ization using projectability disentanglement [52]). Finally,
we find that the remaining two cases are due to the pres-
ence of soft modes in the phonon dispersions. We highlight
the particular case of -NbN with an experimental 7, value
of 16 K [53], which was discarded due to soft modes at the
q = X point, the reason being that the experimental 5-NbN
can only be prepared with a small N deficiency and that it
has been found that the disorder can be simulated with a
large electronic smearing [54].

In Table I, we list the top 30 compounds for which
we have an experimental result and a matching structure,
with the highest 7%%°, along with the corresponding TP
temperatures for the coarse and fine grids, 72" and the
reported experimental value. In the list, several classes of
well-known superconductors are present, such as elemen-
tal Nb and Tc, MgB,, and the A15 phases (Nb3;Sn and
Mo;0s). However, we also note some of the false pos-
itives mentioned above, RuO, and TaB,, which have a
high calculated 7. value, yet experimental reports indi-
cate that they are not superconducting. Moreover, in some
cases we find a large discrepancy between the reported
experimental critical temperature and the calculated ones.
These results indicate that comparing computational pre-
dictions with experimental data presents certain chal-
lenges. These include (i) the limited availability of com-
prehensive databases, (i) uncertainties in the structures
present in experiments, and (iii) the presence of material
complexities such as doping, grain boundaries, defects,
strain, off-stoichiometries, or site-antisite mixing, all of
which can influence the 7, value and may not be captured
by state-of-the-art computational methods. On the compu-
tational side, the most significant approximations are (i) the
neglect of spin fluctuation [55] in our calculations, (ii) the
use of a fixed Coulomb parameter * = 0.13, and (iii) the
use of Kohn-Sham band structure; DFT is not a spectral
theory, and more expensive many-body perturbation the-
ory should be employed to calculate electronic excitations
[56]. Removing experimental data with reported limita-
tions and materials where spin fluctuation is known to
dominate, we find that our calculated 7, values are in rea-
sonable agreement with the experimental data (for detailed
reports and comparisons, see Sec. 3 of the Supplemental
Material [45]).

In Table II, we report the top 30 experimentally known
compounds that are predicted by the workflows discussed
here to be BCS superconductors. We note that VC, CrH,
and Be;B have also been reported as superconductors in
the computation work of Choudhary et al. [16], with pre-
dicted 7, values of 28.1, 10.7, and 8.8 K, respectively.
These values are in good agreement with the 20.7, 13.4,
and 10.9K isotropic 7. values that we have computed.
In addition, the W;N3 monolayer [94] and TaMo,B, [95]

TABLEI. The top 30 compounds that are known superconduc-
tors. From the screening, the list is ordered according to the com-
puted T2, together with chemical formulas, space-group (SG)
number, Allen-Dynes transition temperature (72P< in kelvin)
computed with direct coarse grids, Allen-Dynes transition tem-
perature (T‘?D’f in kelvin) interpolated on fine grids, isotropic
Eliashberg transition temperature (Ti,s") in kelvin, anisotropic
Eliashberg transition temperature (7%%°) in kelvin, and the
experimental 7, value. The electron-phonon coupling strength A
and logarithmic phonon frequency w,, entering the Allen-Dynes
formula are reported in Sec. 7 of the Supplemental Material [45].
All the predicted 7, values have been obtained with an effective
Coulomb potential of p* = 0.13, a reasonable assumption for
many experimentally verified superconductors. All experimen-
tal references and full details of the structures and properties are
provided in Sec. 7 of the Supplemental Material [45].

Material SG TAP< TP/ i o Experimental T,

MgB, 191 25,6 123 165 36.8 39.0 [57]
MoN 187 237 267 321 36.6 4.0-6.0 [58]
NbsSn 223 11.8 183 25.6 35.6 17.9-18.3[59,60]
RuO, 136 11.9 219 26.1 34.0 <0.3 [61]
PdH 225 300 212 259 30.1 85-11.0 [62 63]
TaSe, 194 4.1 89 20.1 275 1 [64]
NbSe, 194 5.8 163 219 26.7 5 7 [65]
A% 229 190 204 27.1 26.1 4.7-5.4 [66,67]
MoC 194 223 173 20.8 255 8.0 [68]
V3Pt 223 102 149 185 252 3.0 [69]
vC 225 189 172 207 25.0 1 8 [70]
NbS, 194 85 185 243 250 1[71]
TaS,-2H 194 47 162 213 23.7 0.52.2 [72 73]
TaB, 191 144 155 175 21.6 <1.5[74]
Taz;Sn 223 94 114 156 21.5 4.2-835[75,76]
Nb 229 131 151 19.7 212 9.1-9.5[77,78]
Mo3;Os 223 163 154 189 20.8 7.3-12.7[79,80]
CaCq 166 105 11.6 12.1 19.1 11.5 [81]
ZrN 225 103 9.8 12.6 18.6 9.3-9.6 [82]
ZrRuP 189 82 13.0 159 179 13.3 [83]
YCI 12 4.9 85 13.6 177 9.85 [84]
NizZnN 221 84 145 183 17.6 3.0 [85]
Tc 194 119 127 163 171 7.9-11.2 [78 86]
YCCl1 12 3.9 8.0 12.0 149 3 [84]
TiN 225 103 9.9 129 142 5.5-5.6 [82 87]
NbB, 191 9.0 10.6 13.0 138 0-5.0 [88,89]
HIN 225 104 9.7 11.7 13.7 5.8 [90]
BaGe; 194 2.5 87 109 132 4.0-6.5 [91,92]
ScSe 225 5.0 80 10.0 123 3.7 [93]
Sn 139 4.9 7.7 11.0 11.6 3.7[78]

have also been proposed theoretically, with predicted 7.
values of 21 and 12K, respectively. The other materi-
als presented in Table II are novel in the sense that they
have never been reported as superconductors. However,
many materials in the list contain heavy elements with
partially occupied d or f shells and could be magnetic,
even if the initial screening found them to be nonmagnetic.
Henceforth, we additionally validate all transition-metal
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TABLE II. The top 30 compounds from this screening that are
predicted to be BCS superconductors. The largest 7, (K) values
for materials predicted to be BCS superconductors, following the
same convention as Table 1. For Tf} D/ and Tif", we provide a sen-
sitivity analysis that gives the change of 7, upon homogeneous
electron (superscript) and hole (subscript) doping of 102! cm™3.
Materials that have a potentially magnetic ground state based on
self-consistent Hubbard calculations [99], or for which we could
not confirm the structure or source, are noted. BaB; is listed sep-
arately, as a hole doping of 0.065 holes per unit cell is required
to stabilize the phase.

Material SG  TAD«e e Tis° Teniso
W,N; 194 1.3 202755 263798 33.7
Be,B 225 9.7 77795109107 2211
PtO 131 89 1337 16.3703 19.0
Mo;Be 223 9.3 8.1704 10.5794 17.6
AsTe 225 6.4  10.670;  13.870¢ 17.2
TaCoSb 216 1.4 114757 1417 16.8
TaS 187 8.4 9.3.0% 11379 13.6
ZrRuSb 216 5.1 8.9103 9.9%03 13.2
YIr;B, 12 6.2 4.8707 8.6,%3 122
Zr,Al 140 3.0 5743 74704 7.8
MoB 63 3.9 4.8701 6.8201 7.7
HfRuSb 216 3.8 49102 6.670¢ 6.4
Potentially magnetic

TaRu;C 221 150 1651  21.0;2¢ 250

NbRu;C 221 156 17575 21879 249

NbCoSb 216 124 163,55 204,17 214
IrS, 205 126 13270,  16.120; 20.8
ZrS 129 109 10775 13420 18.8
Ti;SnH 221 7.9 11.7743 14.673% 18.7
RhS, 205 16.6 9.4716  11.8%03 17.3
CrH 225 9.8 106702 13.4782 16.9
TiRuSb 216 7.5 1017 12.9% 13.6
RhSe 194 7.7 8375 10.85% 11.9
Ti,Ga 194 3.9 5240, 7170, 8.3
Unconfirmed source

YC 225 154 134707 17179 220
TaMo,B, 127 9.5 97,07 12170% 143
Zr3Sn 223 8.8 77703 9.9:03 14.2
LiAl,Ge 225 38 8.010, 9.7+ 10.8
Li;AlGe 216 6.2 5.8703 7.3%83 9.3
AgF, 14 8.1 51,07 6.7.4% 7.5
Hole-doped stabilization

BaB, 191 204 21457 33013 616

compounds in Table II employing state-of-the-art self-
consistent relaxations using on-site and intersite Hubbard
correction [96] for the materials in their nonmagnetic and
ferromagnetic configurations, using the HP code [97,98]
to determine U and V from first principles. The Hubbard-
corrected band structure of the materials and their magnetic
energy landscape are reported in Sec. 4 of the Supplemen-
tal Material [45] and the materials with a ferromagnetic
ground state are noted in Table II. Since magnetism is

detrimental to BCS superconductivity [49], all results are
reported for materials in their PBE nonmagnetic ground
state.

Overall, the material with the highest predicted 72"
value is BaB,, which displays interesting two-gap super-
conductivity, reminiscent of the well-known behavior
observed in isostructural and isoelectronic MgB; [57]. One
could wonder how such a simple binary material had not
been discovered already. As discussed in the next section,
we find that pristine BaB, displays a small instability
and relaxes to a different structure than the experimen-
tally reported one. However, upon p doping of 0.065 holes
per unit cell, the MgB,-like phase stabilizes and shows
high promise. Despite these results, careful considera-
tion is necessary, since the DFT electronic band structure
and Fermi-level position are inexact [100]. We therefore
introduce a sensitivity analysis for the predictions, which
consists in computing the change of the Allen-Dynes T,
value and the isotropic 7, value upon a homogeneous elec-
tron (+) and hole (—) doping of 10?! cm~3. This doping
corresponds to a medium-to-high metallic doping that can
realistically be achieved through substitution or intersti-
tial doping (through ion implantation, the Fermi level can
be experimentally fine tuned at the millielectronvolt level
to achieve the optimal doping to enhance the supercon-
ducting critical temperature [101]). Doping levels above
10?2 cm ™ are usually not feasible due to potential phase
segregation [102]. We translate the doping density into
energy shifts around the Fermi level, where changes of
T, can be evaluated via the Eliashberg equations (for a
detailed description, see Sec. 5 of the Supplemental Mate-
rial [45]). We report this sensitivity analysis in Table II and
find 13 superconductors for which the 7, value changes by
less than 0.5 K upon £10%! cm~3 doping and thus can be
considered more robust with respect to the predictions.

An interesting class of structures in Table II are the half-
Heusler compounds NbCoSb, TaCoSb, TiRuSb, ZrRuSb,
and HfRuSb [103]. Many properties of Heusler com-
pounds [104], including the electronic structure, are typ-
ically related to their valence electron count (VEC). The
half-Heusler is one of the most common structure types for
ternary intermetallics and half-Heusler phases commonly
have a VEC of 18 per formula unit, corresponding to a
closed-shell configuration. Therefore, half-Heusler phases
are typically semiconducting, whereas the few open-shell
half-Heusler phases are typically metallic in nature [105].
Although many examples of full-Heusler superconductors
have been discussed in the literature, both in experimen-
tal [106] and computational [107] work, superconductivity
in half-Heuslers is found to be nonconventional [108,109]
or topological in nature [110] and related to their non-
centrosymmetric structure [111]. For full-Heusler phases,
Graf et al. [106] have proposed a relationship between
the VEC and superconducting properties, citing a preva-
lence of superconducting full Heuslers with VEC 27.
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For TiRuSb, HfRuSb, and ZrRuSb, the VEC is 17, and
for NbCoSb and TaCoSb the VEC is 19, indicating an
electron deficiency and surplus compared to VEC 18,
respectively. Reports on conventional superconductivity
in half-Heusler compounds are scarce, making this an
exciting avenue for further exploration. There are also sev-
eral perovskite structures in the list, including TaRu;C,
NizZnN, NbRu;C, Ti;TIN, and Ti;SnH, where TaRu;C
has the highest predicted 72"° value, of 25.0K. Per-
ovskites [112] and antiperovskites [113] are well-known
families of superconductors where empirical relations exist
between 7, and cation charges in the perovskite cages
[114].

C. Analysis of BaB,, ZrSbRu, and TaRu;C

In this section, we focus specifically on BaB,, the
ZrRuSb half-Heusler, and TaRus;C, as these constitute
interesting candidates. For these three materials, we have
performed more detailed calculations using the interme-
diate representation (IR) [11] of the Migdal-Eliashberg
implementation in the EPW software. In Figs. 3 and 4, we
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show their electronic and vibrational properties, spectral
function, isotropic and anisotropic superconducting-gap
function A¢(inT) value, and A,x(imT) value. For the
anisotropic gap function, we show the histogram of the
superconducting-gap function p(A) at the lowest Matsub-
ara frequency A,k (i T), defined as [11]

P(A(T) =Y 8(AulimT) — AD)S (e — €), (1)

nk

where €p is the Fermi level. The temperature-dependent
isotropic gap Ao(7) and anisotropic gap A,x(inT)
are fitted by the BCS-type gap function ABSS(T) =
ABCS(0),/1 — (T/T.)f. To further analyze the struc-
ture of the electron-phonon coupling, we compute the
mode-resolved and band-resolved coupling constants A4,
and A .

We start with a closer investigation of BaB,, which is
an isostructural and isoelectronic counterpart of the well-
known two-gap superconductor MgB, that was exper-
imentally discovered more than two decades ago [57].

80
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Analysis of the electronic, vibrational, and electron-phonon properties of BaB,, ZrSbRu, and TaRus;C. The electron band

structures, electron density of states, phonon dispersions, spectral functions (red), accumulated spectral functions (dashed black), and
phonon density of states (blue) for (a)(d) doped BaB,, (e)}~+(h) ZrRuSb, and (i)~«(1) TaRu3C. The band-resolved electron-phonon
coupling constant A, and the mode-resolved electron-phonon coupling constant Aq, are plotted on the band structures and phonon
dispersion as proportional to the linewidth. The largest band-resolved coupling constants are 2.82, 1.11, and 3.16, respectively.
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Ay (MeV)

FIG. 4. Analysis of the superconducting properties of BaB,, ZrSbRu, and TaRuzC. The isotropic gap functions A (blue), histograms
of the anisotropic gap functions p(A, T) (red), and superconducting gaps on Fermi surfaces for (a),(d) doped BaB, (10K), (b),(e)

ZrRuSb (5K), and (c),(f) TaRu3C (5 K).

Although BaB, has been investigated in the context of
superconductivity [115], its critical temperature has never
been determined or predicted. Based on the results from
our high-precision workflow described in Fig. 2, the pris-
tine hexagonal phase is unstable due to a soft mode at the
H point. Upon further investigation, we find that homo-
geneous hole doping above 0.065 per unit cell (1.46 x
10?! cm™3) can stabilize the pristine phase while super-
conductivity remains unaffected up to at least 0.1 per unit
cell (see Sec. 6 of the Supplemental Material [45]). Anal-
ogously to MgB,, BaB, is a strongly coupled material
with A = 1.39. From Figs. 3(a)-3(d), one can see that
the electron-phonon coupling is highly anisotropic, with a
dominant optical phonon mode at I" and an acoustic mode
at H, which is unstable in the undoped structure. The inter-
polated isotropic transition temperature is 73%° = 32.0K,
larger than the TAP = 24.4K. According to Figs. 4(a)
and 4(d), the Fermi surfaces are composed of two nested
cylinders along the I'-4 line, with a superconducting gap
of 11.54 meV and pockets centered at H, M, and K points
with a superconducting gap of 1.50 meV. This corresponds
to two anisotropic critical temperatures 725! = 61.6 K
and 7202 = 60.6 K, larger than the isotropic approxima-
tion due to the strong anisotropy. In Fig. 3(a), the band-
resolved coupling strength also shows that the coupling
is dominated by the two nested cylindrical Fermi-surface
sheets.

We continue with the five half-Heusler phases NbCoSb,
TaCoSb, HfRuSb, TiRuSb, and ZrRuSb, studying their
magnetic states in more detail. The magnetic landscape
is probed using a random forest search where magnetic
configurations are constrained and then relaxed using

electronic structure calculations at the PBE and PBE+U
level with the ROMEO code [116]. The magnetic search
is performed in the conventional supercell (12 atoms) to
allow for more complex magnetic states. The algorithm is
stopped when the ratio of newly discovered unique states
to the number of trials goes below 0.2. We show the
magnetic energy landscape for each configuration for the
four half-Heuslers in Sec. 4 of the Supplemental Material
[45] and find that all are nonmagnetic at the PBE level
and that ZrRuSb is the only one that also remains non-
magnetic at the PBE+U level. We therefore investigate
ZrRuSb further and find that its Fermi surface is com-
posed of a sphere centered at I' [invisible in Fig. 4(e)],
two nested connected necklike formations at the L points,
and small spheres centered at the W points. According to
Figs. 3(e), 3(g) and 3(h), the electron-phonon coupling
is isotropic overall, dominated by the phonon density of
states, through enhancement of the optical I" phonon and
acoustic phonons near X and L. The interpolated isotropic
and anisotropic transition temperatures are 9.9 and 11.1 K,
respectively. However, we note in the density of states
of Fig. 3(f) that the high predicted superconductivity in
ZrRuSb comes from the position of the Fermi level being
located near a van Hove singularity, with a flat band around
the W k-point. This means that this prediction might not
be robust upon small changes of the Fermi level resulting
from DFT inaccuracies or experimental conditions. This
is supported by the sensitivity check shown in Table II,
where ZrRuSb varies by over 1K upon a medium dop-
ing level. Finally, we study the perovskite TaRu;C as our
highest-7, (potentially magnetic) material from Table II.
Indeed, all these materials are nonmagnetic at the DFT
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level but magnetic at the PBE + U level, which tends to
over-stabilize magnetic solutions. We also note that the
material could be carbon deficient, see Sec. S7.18 of the
Supplemental Material [45]. For TaRu;C, we show in
Figs. 3(k) and 3(1) that only low-energy phonons contribute
to the electron-phonon couplings, due to the large phonon
density of states at these energies. TaRu;C also possesses
very strong electron-phonon couplings, manifested by A =
1.77. The Fermi surface in Fig. 4(f) is composed by a
sphere at I (invisible in the figure) and connected neck-
like formations at R and really small pockets near X . From
Fig. 3(i), we note that the Fermi surfaces at the I"-R and
R-X lines, although they have coupled strongly with the
phonons, are really sensitive to the shift of Fermi energy.
The 7%° = 21.0K and 72" = 25.0K values indicate the
somewhat isotropic nature of this material, which is also
shown by the homogeneous Cooper-pair density on the
Fermi surface in Fig. 4(f). We have shown that these three
materials discussed here (and many others identified in
this study) host intriguing new physics that is worth fur-
ther experimental investigation. Even if not presenting a
high T, value, computational approaches might point to
new classes of materials to investigate (e.g., half-Heusler)
or to materials that could warrant further experimental
investigation (e.g., BaB,).

III. CONCLUSIONS

In conclusion, starting from 4533 experimentally known
compounds with 12 atoms or less in the primitive unit
cell obtained from the Materials Cloud 3D database and
determined to be nonmagnetic metals at the DFT (PBEsol)
Kohn-Sham level, we have performed a high-throughput
search for novel superconductors using a combination of
the QUANTUM ESPRESSO, WANNIERY0, and EPW codes. Of
the top 250 candidates, 137 have been investigated for
superconductivity; for the 82 where we can positively
match structures, 74 are also reported as superconductors,
giving a 90% ratio of true positives and demonstrating
the ability of our approach to flag materials as potential
superconductors. Of the remaining 113 that have so far
not been reported in the experimental literature, we have
24 with a predicted 72" value above 10K and we have
reported the first bird’s eye view of the current state of
the art on BCS theory versus experiment in Fig. S4(b) in
the Supplemental Material [45]. Among the novel candi-
dates, there is the double-gap superconductor BaB;, with
a predicted 7, value of 61.6 K, the half-Heusler ZrRuSb,
with an 11.1K critical temperature, higher than the 12
known full-Heusler superconductors present in our data
set, and the perovskite TaRu3;C, with a predicted 7, value
of 25.0 K. If experimentally confirmed, ZrRuSb would be
the first half-Heusler superconductors with a VEC of 17 to
exhibit conventional superconductivity. The present results
demonstrate the potential of high-throughput calculations

to identify new superconductors and provide a valuable
resource for future experimental studies, highlighting not
only the predictive power of high-throughput calculations
but also their limits. Computationally, this work sets the
stage for exploring these databases further, also including
larger unit cells, or higher-accuracy Wannierization [52]
for electronic band structures, potentially unveiling over-
looked superconductors with intriguing physical properties
and promising application potential.

IV.METHODS

A. Initial interpolation workflow

Our initial electron-phonon workchain is a workflow
that calculates the Eliashberg spectral function based on
the linear-interpolation approach of Wierzbowska et al.
[48]. It consists of the following five steps: (i) a DFT cal-
culation performed on a fine k-point, which is used later to
perform the linear interpolation; (ii) a second DFT calcu-
lation on a coarser grid, required to calculate the phonons
in the next step; (iii) a phonon calculation that calculates
the electron-phonon coefficients on the coarse k-grid with
a commensurate q-grid; (iv) the calculations of the real-
space force constants; and (v) the Fourier interpolation
over a dense q-grid and to calculate the final electron-
phonon coupling and corresponding spectral function on
the fine k-point grid.

We use pseudopotentials from the Standard Solid-
State Pseudopotentials (SSSP) PBEsol efficiency v1.1 [41]
library. For each material, we take the highest value for the
plane-wave cutoffs among the suggested values for each of
the elements present. We use a k-point grid that is twice
the density of the q-grid.

B. EPW interpolation workflow

The EPW pipeline described previously uses several
components that run QUANTUM ESPRESSO in combination
with EPW to calculate the electron-phonon coupling and
the superconducting critical temperature at a high precision
(for a schematic representation of the workflow, see Fig. 5).
The EPW workchain takes care of the coarse-grid QUAN-
TUM ESPRESSO [47], WANNIER90 [117], and EPW [29,30]
calculations that are required for the subsequent interpo-
lations. The workflow consists of the following steps: (i)
a first workflow that constructs the Wannier functions for
the input structure using the SCDM-k method [32]; (ii) a
phonon calculation to compute the dynamical matrices and
perturbed potentials; and (iii) the conversion of the input
files required for the EPW calculation into the expected for-
mat and the running of an EPW calculation on the coarse
grid to produce the restart files for the interpolation, which
are stashed on the remote machine in a permanent location.
For the EPW pipeline, we switch to the norm-conserving
PBE pseudopotentials from the scalar-relativistic table
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FIG. 5.
the EPW workflows implemented in AiiDA.

of PseudoDojo v0.5 [43], as projector-augmented-wave-
method pseudopotentials have not been extensively tested
with the EPW code. For the energy cutoffs, we select the
highest hint value for each element and once again take
the highest one from the set of atoms contained in each
material.

Based on the stashed restart files produced by the
first workchain, a second superconducting workchain is
run to interpolate the electron-phonon coupling on dense
momentum grids and to calculate the superconducting
critical temperature. The main feature of this workflow
is that it automatically converges the fine-grid interpo-
lation meshes for both the k- and q-points, based on a
calculation of the Allen-Dynes critical temperature and a
specified threshold (default 1 K). Once at least three cal-
culations have been performed in the convergence loop
and the Allen-Dynes critical temperature has converged,
the workflow runs a final calculation on the fine grid
using the full Eliashberg theory to calculate the isotropic
Eliashberg critical temperature on the converged fine
grid.
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