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Abstract

High-throughput density functional theory (DFT) calculations allow for a systematic search for
conventional superconductors. With the recent interest in two-dimensional (2D) superconductors,
we used a high-throughput workflow to screen over 1000 2D materials in the JARVIS-DFT
database and performed electron—phonon coupling calculations, using the McMillan-Allen-Dynes
formula to calculate the superconducting transition temperature (7) for 165 of them. Of these 165
materials, we identify 34 dynamically stable structures with transition temperatures above 5 K,
including materials such as WoN3, NbO,, ZrBrO, TiClIO, NaSn,S4, MgoB4C», and the previously
unreported Mg,B4N> (7; = 21.8 K). Finally, we performed experiments to determine the 7 of
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selected layered superconductors (2H-NbSe,, 2H-NbS,, ZrSiS, FeSe) and discuss the measured
results within the context of our DFT results. We aim that the outcome of this workflow can

guide future computational and experimental studies of new and emerging 2D superconductors by
providing a roadmap of high-throughput DFT data.
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In the past decade, superconductivity in two-dimensional (2D) systems has attracted

a great deal of attention due to its potential applications for nanoscale devices such

as superconducting transistors, quantum interferometers, and superconducting qubits.1=>
Since the significant experimental work of Zhang et al. in 2010, which demonstrated
superconductivity up to 1.8 K in single-layer Pb on Si(111),8 the quest to synthesize

and theoretically predict 2D superconducting materials has moved toward intrinsically
2D monolayers whose bulk counterparts are weakly bonded layered materials.”~ On
the experimental front, a superconducting transition has been predicted for a variety of
alkali-decorated graphene layers, with transitions reported for K-intercalated few-layer
graphene at 4.5 K,10 as well as for Li- and Ca-intercalated graphene.11-13 In addition,
superconductivity has been measured for a variety of few-layer and monolayer transition
metal dichalcogenides (TMDs) with a critical temperature of 7.2 K for NbSe,,14-17 5.3 K for
NbS,,18:19 3 K for TiSe,,20 2.2 K for TaS,,2! and between 7 and 12 K for M0S,.22-25

Using first-principles calculations, efforts have been made to screen 2D superconducting
monolayers with higher 7; including intrinsic 2D metals and doped 2D materials.26-30
Two dimensional boron allotropes (such as borophene)31-35 and carbon-boron based 2D
materials such as B,0,3 B,C,37 LiBC,38 MgB,,3% M0,C,%0 Mg,B4C5,*! and W,N3*2
have been predicted to have substantial critical temperatures. Specifically, Mg,B4C>, and
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W,N3 have been predicted to have a 7, of 47 and 21 K, respectively.*142 Computational
predictions of superconducting transition temperatures can be most useful as a precursor

to direct more expensive and time-consuming experimental synthesis and characterization.
Previously, there have been several efforts to systematically discover superconducting
materials which fall into certain materials classes, such as transition metals,*3 A15, B1,4445
AB, compounds,*6-48 cuprates,*? iron-based compounds,>9 hydrides,>1-53 and many other
classes of materials48:54-62

To efficiently identify Bardeen-Cooper—Schrieffer (BCS) conventional superconductors®3:64
with high critical temperatures using computational methods, there are two main
requirements: (1) a robust computational workflow and (2) a curated database of materials
with prior knowledge such as band structure, magnetic properties, and electronic density of
states. Using density functional theory perturbation theory (DFT-PT), the electron—phonon
coupling (EPC) can be calculated and used to predict 7. with reasonable accuracy for a
variety of materials.54.65 In this work, we designed a systematic, data-driven workflow to
expedite the discovery of new and potentially high- 7. 2D superconductors. We do so by
combining several computational methods at various levels of cost and accuracy. We start
with a BCS-inspired prescreening for metallic, nonmagnetic materials with high electron
density of states (DOS) at the Fermi level (M0)), using the existing Joint Automated
Repository for Various Integrated Simulations (JARVIS) DFT database for 2D materials.56
Additionally, we searched existing literature for 2D superconductors not already in the
JARVIS-DFT database and added them as appropriate. We then applied our DFT-PT
workflow to compute 7 using the EPC and the McMillan—Allen-Dynes formula,%” with
low convergence settings initially (k-points, g-points). For the most ideal candidates, we
performed additional convergence to increase the accuracy of our predictions.

A key component in achieving an efficient search for 2D superconducting materials was

to utilize the JARVIS (https://jarvis.nist.gov/)8® infrastructure, which is a collection of
databases and tools to automate materials design using density functional theory, classical
force-fields, machine learning, and experiments. JARVIS-DFT is a density functional theory
based database of over 60 000 bulk materials and over 1000 2D and 2D-like materials.
Material properties are formation energy, band gap,58 exfoliation energies,5° solar-cell
efficiency, /0 spin—orbit spillage,”~73 elastic tensors,’# dielectric tensors, piezoelectric
tensors, infrared and Raman spectra,’ electric field gradients,’® accurate magnetic
properties,’’ and superconducting transition temperature of bulk materials,’® all with strict
and careful DFT-convergence criteria.”®

BCS-theory®0 states that the attractive electron—electron interaction mediated by phonons
results in Cooper pairs, which are bound states that are formed by two electrons with
opposite spins and momenta. BCS theory gives the relation between the Debye temperature
(6b), electronic DOS at Fermi level A0), electron—phonon interaction (V), and the
superconducting transition temperature ( 7¢):

T.= 1.146Dexp(— (1)

~ov )

6p is defined as8!
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where /s Planck’s constant, &g is the Boltzmann constant, 77 is the number of atoms per
formula unit, Aa is Avogadro constant, p is the crystal structure’s density, Mis the molar
mass, and Vi, is the average sound velocity obtained from the elastic tensor.8!

In our previous work on bulk materials,’® we used the &y obtained from finite-difference
calculations of elastic tensors’4 (JARVIS-DFT contains elastic tensors for over 17 000 bulk
materials). However, because of the lack of periodicity in one direction for 2D materials,
the calculation of the elastic constants requires more careful consideration (performing
several calculations of biaxial strain and then polynomial fitting, to allow for buckling in
the out-of-plane direction). For this reason, elastic constants have not been computed for
the over 1000 2D materials in JARVIS-DFT. As a result, we cannot use & as a screening
metric. Instead, we must independently consider M0) in eq 1 and screen based on the

fact that a large MO0) will yield a large value for 7. This limitation to the screening is
compensated by adding additional screening metrics such as band gap and magnetic moment
to the criteria. Instead, our initial screening is based on AM0), the DOS at the Fermi level,
which is available in JARVIS-DFT. We additionally screened materials based on whether
or not they were nonmagnetic and added candidate 2D superconducting materials to the
JARVIS-DFT database from searching the literature.

The JARVIS-DFT database is primarily populated by calculations made using the Vienna
ab initio simulation package (VASP)82:83 software and the OptB88vdW84 functional. The k-
points are carefully converged in JARVIS-DFT with respect to total energy.”® We used these
converged k-points in subsequent Quantum Espresso®°-88 electron—phonon calculations.

The properties of conventional BCS superconductors are directly related to the EPC. EPC
calculations can be performed by methods such as the interpolated/Gaussian broadening
method,8” tetrahedron method,8 and Wannier-based electron-phonon methods.8? In the
interpolated method, the integration over k-points involves replacing the & function with a
smeared function which has a finite broadening width, where the broadening width must
be converged to obtain accurate results.8” In the tetrahedron method, the k-points are
analytically integrated in tetrahedral regions covering the Brillouin zone with the piecewise
linear interpolation of a matrix element.88 Similar to the justification of our previous work,’8
we used the interpolated method for the EPC calculations due to the fact that our results
obtained with the interpolation method are computationally less expensive and more stable
(less variability with respect to k- and g-points) than the tetrahedron method. Since the
interpolated method was used, the value for broadening was carefully converged for each
material.

We performed the EPC calculations using DFT-PT90:91 with the Quantum Espresso

code,8° the Perdew—Burke—Ernzerhof functional revised for solids (PBEsol),? and Garrity—
Bennett—Rabe—Vanderbilt (GBRV)?3 pseudopotentials. The starting structures were from the
JARVIS-DFT 2D database (relaxed with OptB88vdW), and we performed a full rerelaxation
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with Quantum Espresso. In the Quantum Espresso rerelaxation, the unit cell and atomic
positions were allowed to relax to minimize the force and external pressure on the system.
The energy convergence value between two consecutive steps was chosen to be 10 x 1078
eV, and a maximum pressure of 0.5 kbar was allowed on the cell. After rerelaxing the
structures with Quantum Espresso (using PBEsol and GBRYV potentials), we obtained similar
results to the original structure from JARVIS relaxed with VASP using OptB88vdW (i.e.,
there was about an average ~1-2% difference in in-plane lattice constant between the two
methods). Similar to our previous work,”8 we used a 610 eV (45 Ry) plane-wave cutoff
since we find that higher values have minimal effect on the calculated EPC parameters. The
EPC parameter is derived from spectral function a?Aw), which is given by

2F@) = —L S g

where wg;is the mode frequency, Mer) is the DOS at the Fermi level e, & is the Dirac &
function, u(g) is the weight of the g point, and y;is the line width of a phonon mode /at
wave vector gand can be written as

3
d’k, j 2
Yqj = 277760qu /QBZ lgin,k + qml 5(exn — €F)5(€k +qm — SF) 4
nm

In this equation, the integral is over the first Brillouin zone, ex,and x4y, are the
eigenvalues from DFT with wavevector kand &+ gwithin the nth and /mth bands,

respectively, and gﬁn K+ qm is the electron—phonon matrix element. The relation between
ygiand the mode EPC parameter A4 is as follows:

) Yqj

W= ThN (eF)a)gj

®)

The EPC parameter is now given by

2F
A= 2/“ a)(w)da) = Z/lqu(q) Q]
qj

with u(g) as the weight of a g point.

The superconducting transition temperature, 7. can be approximated by using the original
McMillan-Allen-Dynes8” equation:

_ Wiog 1.04(1 + 4)

Te=95 XP|= 7= /%1 + 0.624) @)

where
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2
fda)i(w)ln w
L o 0

W]og = EXP ®)

/da) azF(a))
w

In eq 7, the i parameter is the effective Coulomb potential. Although this parameter can be

calculated from first principles,®* 1 generally varies over a relatively small range (such as

0.09-0.18). Similar to several other studies involving 2D materials,36:37:41 we take z* = 0.1

when reporting our results from high-throughput screening.

A full schematic of the high-throughput workflow we used to identify 2D superconductors
with high 7¢ is shown in Figure 1. The starting point involves the screening of properties of
the 1079 monolayer materials to date in the JARVIS-DFT database. These 1079 materials
span a wide range of chemical and structural space, and their inclusion in the JARVIS-DFT
database stems from studies involving high-throughput identification and characterization of
2D materials,® investigation of elastic properties of 2D materials,’* the discovery of 2D
solar cell materials,’0 discovery and characterization of 2D heterostructures,® and the high-
throughput search for 2D topological materials,’® thermoelectric materials,?® and anomalous
quantum confinement materials.®” Due to the fact that the elastic tensor (and therefore the
Debye temperature) is more computationally expensive to compute for 2D materials than
bulk materials, it is only available for a selected number of 2D materials in the JARVIS-DFT
database. For this reason, we had to modify the BCS screening workflow that was used in
our previous work.”® Instead of screening the density of states (DOS) at the Fermi level and
the Debye temperature (as we did for bulk materials), we screened materials based on the
density of states (DOS) at the Fermi level, the total magnetic moment, and the electronic
band gap (calculated with the OptB88vdW functional). This screening process is based on
the notion that a potential 2D superconductor will have a high density of states at the Fermi
level (and therefore be metallic), which is inspired by the BCS equation for 7; (see eq 1).

In addition, for simplicity, we selected structures with zero magnetic moment per unit cell
to avoid the magnetic moment interfering with the EPC. The EPC calculations carried out
based on this screening are non-spin-polarized. Based on this, we established a quantitative
criteria for 2D superconductor screening depicted in Figure 1.

In addition to selecting 2D materials in JARVIS that meet the criteria of £gp < 0.05 eV,

M < 0.05 pg, and DOS at Epgrmi > 1 states/eV/Nelect, we identified 24 additional 2D
materials, based on an extensive literature search of 2D and 3D superconductors. These

24 2D materials were added to JARVIS-DFT and include Mg»B4N», W5N3, MgBs, Mo,C,
BoN, Mg2B4Cy, y and B phase borophene, ZrSiS, NbC, a-Mg,B4N;, B0, 2H-NbTep, 1T-
NbTe,, 2H-TaTe,, 1T-TaTe,, LiCg, CaCg, PdBiy, W,B3, MgBH, ScC, Al4CO, and CaRuyN».
Although several of these 2D materials have been studied with ab initio methods in previous
works, to our knowledge, this is the first reported instance of 2D W,B3, Mg,B4N (both
phases), MgBH, NbC, ScC, and CaRu,N>.

In order to fully converge the EPC calculations with DFT-PT, a significant amount of
computational resources are needed. These calculations generally require a dense k-point
grid to sample electronic states and a dense g-point grid to sample phonons.8” This becomes

Nano Lett. Author manuscript; available in PMC 2023 March 07.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Wines et al.

Page 7

increasingly difficult for larger unit cells since the number of modes needed for calculation
at each g-point increases as the number of atoms in the cell increases. In the Supporting
Information, we display a number of convergence checks needed to determine the minimal
set of parameters necessary to obtain a converged estimate of 7;. The quantities of interest
include the number of k-points for the self-consistent DFT calculation, the number of
g-points for the DFT-PT calculation, the broadening value used for the linear interpolation,
and the value for g~ (in eq 7). In our previous work, we extensively investigated the effects
of these parameters on the converged results.”®

We adopt a similar, less extensive procedure for selected 2D materials to confirm that

our convergence criteria for bulk materials is valid in the 2D case. In Figure S1 we

show the convergence of A, wyg, and 7¢ with respect to different k-point and g-point

grids with respect to broadening for the 2H-NbSe, compound, which is a well-known 2D
superconductor experimentally with a high 7. value. From Figure Sla—c, we observe that as
the g-point grid increases, the 7; value has less of a dependence on the k-point grid. From
analyzing all combinations of k-point and g-point grids, we calculate 7; values that range
from 4.5 to 7.6 K. This is within reasonable agreement with respect to the experimental
value of 7.2 K from literature,14-17 and we believe it is an acceptable margin of error for
the high-throughput DFT-Allen—-McMillan-Dynes method to obtain 7;. We also observe
that a broadening parameter of 0.68 eV (0.05 Ry) is sufficient in converging the 7; result
within our desired tolerance, similar to our previous work.”® This behavior is similar to the
additional convergence tests we performed on a selected group of monolayers (Mg2B4N»,
W>N3, TiClO, NbOy, 2H-NbS,, ZrBrO, 2H-NbSe,) shown in Figure S2, which all display
a converged 7 value with respect to a broadening value of 0.68 eV (0.05 Ry). Additional
g-point convergence (using the converged k-grid from JARVIS-DFT) for data is presented in
Table S1 for 2D 2H-TaS,, 2H-NbSe,, W,N3, Mg,B4N», and TiClO. Based on these results,
we determined that g-point grids as small as 2 x 2 x 1 combined with k-point grids similar in
size to the typical grids used for self-consistent DFT total energy calculations (k-point grid
obtained from JARVIS-DFT total energy convergence’?) are sufficient to identify candidate
2D superconducting materials, along with a broadening of 0.68 eV (0.05 Ry). For selected
promising candidate materials for which it was computationally feasible, we ran additional
calculations with higher convergence parameters (see Table S2, which is an extension of
Table 1 to include the k-point and g-point grids used in the calculation).

In addition to the k-point, g-point and broadening convergence, we also addressed the
impact of 1 in our calculations.8487.94.98 As previously mentioned, 4* is the effective
Coulomb potential in eq 7. Since it is computationally expensive to calculate this parameter
from first principles, it is usually used as a fitting parameter for the calculation of 7

and commonly taken as 4~ = 0.1. In Figure S2d, we plot the value of 7 calculated with
varying values of /*, ranging from 0.03 to 0.22 for a selected group of representative
superconductors (MgoB4aN2, WoN3, TiClIO, NbO,, 2H-NbS,, ZrBrO). We observe a
remarkably consistent trend between all of these materials, with the 7. values varying
linearly with respect to the change in *. Across all six of these materials, we observe
similar slopes (see Figure S2d), with the slight exception of TiCIO which has a smaller slope
compared to the other materials due to the fact that it has a much larger value for A and

a much smaller value for wjog. It is important to note that these six materials retain their
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superconducting properties despite a large range of ¢~ values. The loss of superconducting
properties at large values of 4~ has been reported for a large variety of bulk materials.”®
For the sake of being concise and consistent with previous works,*2 we report 7 values
calculated with g~ = 0.1.

We applied our high-throughput screening technique to the 1079 monolayers in the JARVIS-
DFT database. From this set of materials and the 24 monolayers we added from literature,
we found 165 materials that fit our criteria to perform the DFT-PT and McMillan-Allen—
Dynes EPC calculation for. Similar to our previous work,’8 we ignore spin-orbit coupling,
spin-polarization, Hubbard (+U) correction,®® and spin-fluctuation19%.101 contributions due
to the higher computational cost of such calculations. For a more accurate description of
the underlying physics of these 2D superconductors, these effects should be considered in
follow-up work. Of the 165 2D materials that we ran the EPC workflow for, we find that 34
have a 7. greater than 5 K and are dynamically stable (no imaginary phonon modes), which
is an extremely promising result. It is also important to note that 11 of the 24 compounds
that were added to JARVIS based on a literature search fit the criteria of a 7; greater than 5
K and dynamic stability (included in the 34).

The tabulated results for these 34 materials are given in Table 1, where the chemical

formula and EPC results are provided for each material (1, anqqg, 7c), together with their
OptB88vdW-based formation energy per atom ( E¢orm) from JARVIS-DFT. Out of these 34
materials, we ran the EPC calculation with the highest convergence parameters that were
computationally tractable (k-point, g-point). The k-point and g-point grids used in the EPC
calculations are given in Table S2. The JARVIS IDs of each material (including the 24 newly
added monolayers to JARVIS-DFT) are given in Table 1 and Table S2.

We find that several candidate 2D superconductors that have a 7. above 5 K are based on
nitrides, borides, and carbides (see Table 1). In addition, several oxide and niobium-based
compounds and transition metal dichalcogenides such as NbS»/Se; in both their 2H (two
“layers” per hexagonal unit cell) and 1T (one layer per trigonal unit cell) phases exhibit
strong superconducting properties. Remarkably, 26 of these 34 materials have a formation
energy less than or equal to 0.10 eV/atom and 23 of those 26 materials have negative
formation energy, which signifies the likelihood that these materials can be synthesized and
be stable in monolayer form. To further quantify this, we depict the phonon density of states
for a selected number of structures with positive formation energy (see Figure S3), where
we see that although formation energy is positive, these structures are dynamically stable.

In Figure 2, we depict the geometric structure of several of the promising candidate 2D
superconductors for experimental synthesis. The JARVIS ID of each material (which can be
obtained from Table 1 and Table S2) can be used to obtain further properties and details.

We observe the highest transition temperature for monolayer Mg,B4N», which has a 7;
of 21.8 K. To our knowledge, this material has previously been undiscovered in bulk

and 2D form. The motivation to study Mg,B4N, stems from the recent prediction of a
high superconducting temperature (47 K)*! for Mg,B4C. In our work, we calculated the
7. of 2D Mg,B4C> to be 9.0 K. The difference between the 7; obtained in our work
versus previous work can be attributed to the differences in calculation methods used
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(different codes, pseudopotentials, density functionals, method of perturbation theory/EPC
calculation*1). Nevertheless, the substitution of carbon with nitrogen results in over a
155% increase in the superconducting transition temperature. Qualitatively this is an
extremely promising result, and because it has negative formation energy, there is a strong
motivation for experimentalists to pursue 2D Mg,B4N,. Although we observe promising
EPC properties for the Mg,B4N, monolayer, we observe that the B—N layers get slightly
separated from the Mg-B after atomic relaxation. The atomic projected density of states
indicates that contribution of s and p states of Mg and p states of B is greatest around the
Fermi level, while the atomic contribution of the B-N layers is away from the Fermi level.
This implies that it is possible that there exists a hole-rich inner Mg-B slab in between
two saturated B—N layers, where the EPC properties (high 7¢) is coming mostly from the
inner Mg-B layer. In addition, we found another previously unknown layered polymorph
of MgyB4N> (which we deem a-Mg,B4N>) with a high 7; of 7.4 K. This hypothetical
polymorph has a higher formation energy than the other Mg,B4N> structure (0.06 eV/atom
vs —0.24 eV/atom). Consistent with recent EPC calculations,*2 we find W,Nj3 to have a
notably high 7; of 18.7 K. Motivated by the investigation of Mg,B4N», we decided to
substitute N with B in W,N3. We find a significant decrease in superconducting properties
of the previously undiscovered W,B3 (JVASP-153120), with a calculated 7; of 1.0 K. Our
results on Mg,B4Co/N5 and WoN3/B3 demonstrate how direct substitution can effectively
tune the superconducting properties of a 2D material, which can be explored further in
future work. We also investigated several 2D analogs of nonlayered boron, carbon, and
nitrogen-based materials bulk materials (such as 2D MgB,, BoN, NbC, ScC, etc.). Although
several of these monolayers have a high 7. value (see Table 1), they have significantly
positive formation energy, which makes their experimental realization less likely. In contrast,
several 2D oxide-based materials (NbO,, ZrBrO, TiCIO, etc.) possess negative formation
energy and strong superconducting properties.

In Figure 3a,b, we show the relationship between EPC parameters for all of the considered
2D materials in this study. In Figure 3a we observe that A and wjoq have an inverse
relationship, and in Figure 3b, we observe a positive relationship between A and 7.. Both of
these behaviors are typical of BCS superconductors and were already observed in our work
on BCS bulk superconductors.’® As evident from the colormap of Figure 3a,b, a balance of
high A and ayoq is necessary for a material to have a high 7c. In Figure 3c—e, we depict a
few examples of the Eliashberg spectral functions of some of the candidate materials (W,N3,
Mg,B4C,, and 2H-NbSey). The Eliashberg spectral function expresses the electron—phonon
interaction in the form of a spectral density, and the weighted area underneath the EPC
function determines the A and wjoq parameters. These Eliashberg spectral functions and
EPC parameters, along with several other material properties, can be obtained from the
JARVIS-DFT database.

In order to gain a deeper understanding of some of the materials we considered in this
study, we performed zero field-cooled magnetometry experiments to determine the critical
temperature. These measurements were done on powder samples, with the intention that
they will be representative of the inherent 2D layered structure (although the discrepancy
between single layer and bulk layered form is larger for certain materials). We conducted
these experiments for layered 2H-NbSe,, 2H-NbS,, FeSe, and ZrSiS. Similar measurements

Nano Lett. Author manuscript; available in PMC 2023 March 07.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Wines et al.

Page 10

have been conducted for 2H-NbSe,, 2H-NbS,, and FeSe, but to our knowledge, they have
not been conducted for layered ZrSiS. Unfortunately, we could not conduct these zero
field-cooled magnetometry experiments on some of the high 7, materials such as W,Nj3,
Mg,B4N>, MgoB4Co, and several others due to the fact that they are not yet commercially
available. Figure 4 depicts the measured magnetic susceptibility (using a magnetic field
strength of 0.01 T) as a function of temperature. We observe that out of these layered
materials, 2H-NbSe, has a 7. of 8.3 K, 2H-NbS; has a 7. of 7.1 K, FeSe has a 7

of 7.5 K, and ZrSiS does not have a superconducting transition due to the decreasing
magnetic susceptibility with increasing temperature. The experimental results for layered
2H-NbSe; and 2H-NbS, are in excellent agreement (within ~2 K) of the results we
calculated for monolayer 2H-NbSe, and 2H-NbS, (see Table 1). Interestingly, layered
ZrSiS (known to be a Dirac semimetal with topological properties92103) does not possess
superconducting properties, while our calculations for monolayer ZrSiS result in a high
value of 7; (7.9 K). The reason for this discrepancy stems from the major differences in
the properties of the bulk layered structure vs monolayer ZrSiS. In our previous work,’8
we calculated a 7; of zero for bulk ZrSiS (JVASP-15288), which is consistent with the
current measurements in Figure 4d. The presence of superconductivity in the monolayer
and absence of superconductivity in the bulk structure are also consistent with previous
experimental literature, where tip-induced superconductivity (with a 7; of 7.5 K) was
observed in single crystal ZrSiS.193 This can also be due in part to the fact that bulk
ZrSiS has a smaller interlayer [vertical distance between consecutive layers in the bulk
layered material, as opposed to the out of plane lattice constant ¢] distance (JVASP-15288,
2.2 A) compared to the interlayer distances of bulk NbS, (JVASP-30369, 3.4 A), NbSe,
(JVASP-31795, 3.1 A), and FeSe (JVASP-45, 2.8 A).

Finally, we decided to study layered FeSe due to the large amount of attention it has received
in the past decade after superconductivity above 100 K was measured in single-layer FeSe
films on a doped SrTiO3 substrate.194 Although we measure a high 7 of 7.5 K for layered
FeSe, we calculated a 7; of 1.0 K for monolayer FeSe (JVASP-60244, the low 7 is why it
is absent from Table 1). We went on to calculate the EPC properties of bulk layered FeSe
(JVASP-45) for comparison, and we find that it does not have a superconducting critical
temperature (consistent with previous nonmagnetic DFT results for layered FeSe 105). The
qualitative comparison between monolayer and bulk FeSe is significant in showing how
the superconducting properties can be enhanced from the bulk to monolayer limit. The
discrepancy between experiment and theory can be due in part to spin polarization not
being taken into account. This is emphasized by previous computational studies where a
substantial 7; value was calculated for the antiferromagnetic orientation of FeSe.196 These
magnetic interactions of certain layered superconductors can play an important role in the
calculation of accurate EPC parameters, but such calculations are beyond the scope of this
high-throughput work and may be considered in future studies.

In summary, we have used a high-throughput DFT approach to study conventional 2D BCS
superconductors, finding 34 candidate materials with a predicted 7; above 5 K. Due to

our high-throughput approach, we employ several approximations and assumptions, but we
perform significant benchmarking tests and convergence checks on particular materials to
verify our results and methodology. We went one step further and performed experiments
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on selected layered superconductors to obtain the measured critical temperature. Our tools
and data sets are publicly available (as a part of the JARVIS-DFT database) to enhance

the transparency and reproducibility of this ongoing work. Possible applications of these
additions to the JARVIS database include the data being used for training of various machine
learning and generative models that can aid in the discovery of new superconductors.

The calculated data can also be used for screening purposes for researchers who wish

to tune the properties of promising 2D superconductors with methods such as applying
pressure, alloying, or creating heterostructures. We believe the results of this study can guide
future computational and experimental studies of new and emerging 2D superconductors by
providing a roadmap of high-throughput DFT data.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Full schematic of the high-throughput workflow used to identify high 7. 2D

superconductors. The number of materials at each stage of the workflow is given.
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Figure 2.
Top and side views of the atomic structures of candidate 2D superconductors: (a) Mg,B4Co,

(b) W2N3, (c) 2H-NbSy, (d) 1T-NbSy, (e) TiCIO, (f) ZrBrO, (g) NaSnySy, (h) y-borophene,
(i) ZrSiS, and (j) FeSe.
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Experimental zero field-cooled measurements of the DC magnetic susceptibility (using a
magnetic field strength of 0.01 T) as a function of temperature in order to determine 7; for
layered structures: (a) 2H NbSe,, (b) 2H-NbS,, (c) FeSe, and (d) ZrSiS.
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Table 1.

Results for the 2D Superconductors with a 7. above 5 K?

structure JARVISID A @og(K) Te(K)  Egorm (eV/atom)
Mg,B4N, JVASP-153112 1.7 1724 218 -0.24
WoNy JVASP-153122 1.4 1717 187 0.05
NbO, JVASP-31356 1.6 1445 175 -2.25
PtN, JVASP-6634 0.8 2281 119 1.59
MgB, JVASP-153113 0.6 4722 118 0.44
MoN JVASP-13586 1.1 1337 112 1.90
TiClO JVASP-75097 2.7 56.0 9.6 -2.42
B,N JVASP-79276 0.7 281.2 9.6 0.09
ZrBrO JVASP-28185 0.9 173.3 95 -239
2H-NbS, JVASP-646 11 117.4 9.3 -1.03
NaSh,S, JVASP-6949 0.9 143.4 9.2 -0.60
Mg,B,C; JVASP-153110 0.5 655.5 9.0 -0.28
Nb,CuS, JVASP-75063 1.5 73.1 8.6 -0.52
AuN, JVASP-75054 1.4 80.6 8.4 0.76
Nb,CoS, JVASP-27853 0.9 143.2 8.3 -0.59
1T-NbS, JVASP-5947 1.4 79.1 8.3 -1.00
x-Borophene  JVASP-153104 0.5 482.1 8.2 0.48
NbC JVASP-153115 0.8 197.9 8.1 0.34
Zrsis JVASP-153121 0.9 128.2 7.9 -0.77
CoAs, JVASP-6637 13 80.0 78 0.25
aMg,B4N;  JVASP-153111 1.0 104.2 7.4 0.06
B,0 JVASP-153100 4.8 33.3 7.0 -0.73
2H-TaS, JVASP-6070 1.0 91.3 6.5 -1.06
2H-NbSe, JVASP-655 0.9 115.8 6.4 -0.76
BaSn,Og JVASP-77697 1.3 64.0 6.3 -151
1T-NbSe, JVASP-5899 3.3 33.6 6.3 -0.74
LaBi04 JVASP-28176 1.4 58.5 6.2 -1.92
BrCY JVASP-60515 1.0 86.8 6.0 -1.18
2H-NbTe, JVASP-153106 1.1 71.8 5.8 -0.33
TiSe JVASP-6010 1.4 51.8 5.4 -0.74
TiS, JVASP-774 0.7 185.4 5.4 -1.33
zrs JVASP-786 0.8 123.3 53 -1.39
AuSe, JVASP-6601 2.7 29.9 5.1 0.29
VSe JVASP-77610 0.8 114.7 5.1 -047

a\/alues for A, wlog, 7c, and formation energy per atom are given.
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