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Superconductive materials with MgB2-like structures from data-driven screening
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Finding viable superconducting materials is of interest to the physics community, as the superconductors are
the playground for manifesting many appealing quantum phenomena. In this paper, we exemplify an end-to-
end materials discovery toward MgB2-like superconductors, starting from data-driven compound screening to
experimental materialization. In addition to the known superconducting compounds, CaB2 (Tc = 9.4–28.6 K),
SrGa2 (Tc = 0.1–2.4 K), BaGa2 (Tc = 0.3–3.3 K), BaAu2 (Tc = 0.0–0.5 K), and LaCu2 (Tc = 0.1–2.2 K) are
discovered, out of ∼182 000 starting structures, to be the most promising superconducting compounds that share
similar atomic structures with MgB2. Moreover, BaGa2 is experimentally synthesized and measured to confirm
that the compound is a Bardeen-Cooper-Schrieffer superconductor with Tc = 0.36 K, in good agreement with
our theoretical predictions. In this paper, we provide a study for the MgB2-like superconductors and showcase
that it is feasible to discover materials via a data-driven approach.

DOI: 10.1103/PhysRevB.105.214517

I. INTRODUCTION

Superconductivity is a fascinating and robust quantum phe-
nomenon to manifest the many-body correlations in solids. It
was discovered by Onnes [1] that mercury became supercon-
ductive <4.2 K, and then various superconducting materials
have been found to have elevated Tc, including niobium-
germanium alloy (Tc = 23.2 K) [2], lanthanum barium copper
oxide (Tc = 35.0 K) [3], MgB2 (Tc = 39.0 K) [4], yttrium
barium copper oxide (Tc = 92.0 K) [5], pressured H3S (Tc =
203.5 K) [6], and recently, carbonaceous sulfur hydride under
pressure (Tc = 287.7 K) [7]. Among those systems, MgB2
possesses superior properties, warranting its great potential
for various applications [8]. For example, the high Tc enables
the operation of the MgB2 circuits >20 K, which is higher
than the operating temperature of Nb-based superconduct-
ing electronics [9]. In addition, MgB2 can survive under a
higher magnetic field than that of Nb-based superconduc-
tors; therefore, MgB2 can be utilized as the magnet material
in cryogen-free magnetic resonance imaging (MRI) devices
[10–14]. Given the appealing advantages of MgB2, it would
be of great interest for the superconductor community to thor-
oughly screen and evaluate the superconductivity within the
MgB2-like structures.
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Taking advantage of recent progress on materials
databases, in this paper, we obtain 56 compounds in total
that share the same MgB2-like crystal structure after intensive
structural screening, which started from ∼180 000 inorganic
compounds from Atomly [15]. Further screening based on
thermodynamic stability as well as dynamic stability narrows
down the possibility to only 26 compounds. Since MgB2 was
confirmed to satisfy the Bardeen-Cooper-Schrieffer (BCS)
theory, the coupling of the electrons to lattice vibrations can
be fairly accurately addressed via first-principles calculations.
Hence, all 26 candidates are fed into the following supercon-
ducting evaluation at the first-principles level. It is found that
the XB2 (X = Mg, Al, Ca, Sc, V, Y, Nb, and Ta), XSi2 (X =
Ca), XGa2 (X = Sr and Ba), BaAu2, and LaCu2 are supercon-
ductive. To validate our approach, one of these compounds,
BaGa2, has been experimentally made and tested to confirm
that the BaGa2 compound is indeed a superconductor with
Tc = 0.36 K, in very good agreement with our predictions
based on ab initio calculations. In this paper, we demon-
strate that the BCS superconductors can be discovered in a
fairly cost-effective manner through high-throughput compu-
tations, and we also provide the superconductor community
with a viable phase space to search for feasible MgB2-like
superconductors.

II. COMPUTATION DETAILS

The materials data used in this paper are obtained from
Atomly [15], open-access density functional theory materials
data infrastructure which is conceptually like the Materials
Project [16], AFLOWlib [17], and OQMD [18]. The data
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are generated through high-throughput first-principles cal-
culations with an automated workflow to crunch through
>180 000 inorganic crystal materials. The dataset contains
the crystal structure [e.g., crystal structure, x-ray diffraction],
electronic structure [e.g., the density of states and bandgap
(Eg)], and energies [e.g., formation energy (Eform ), energy
above the convex hull (Ehull )] of the compounds, basically
all the properties which can be obtained from first-principles
calculation. The data are calculated by using the Vienna Ab
initio Simulation Package (VASP) [19] and the Perdew-Burke-
Ernzerhof [20] exchange-correlation functional of generalized
gradient approximation to deal with the interactions between
electrons. The cutoff energy for plane waves is 520 eV, and
the k-mesh is 3000/Å3 or higher.

After the screening, structural optimization is performed
for all candidate materials. The plane-wave cutoff was set to
be 520 eV with a k-point mesh of (17 × 17 × 15) in the
Monkhorst-Pack sampling scheme. For geometric optimiza-
tion, all atoms are allowed to fully relax until the forces on
atoms are < 0.01 eV/Å, after considering spin polarization.

The phonon dispersion, electron-phonon coupling (EPC),
and superconducting properties are performed using the
QUANTUM ESPRESSO package [21]. The plane-wave kinetic-
energy cutoff and the energy cutoff for charge density are
set as 100 and 800 Ry, respectively. The Brillouin zone (BZ)
k-point mesh of 24 × 24 × 24 and a Methfessel-Paxton smear-
ing width of 0.02 Ry are used to calculate the self-consistent
electron density. The dynamic and EPC matrix elements are
computed within an 8 × 8 × 8 q mesh. The phonon proper-
ties and EPC are calculated based on the density functional
perturbation (DFPT) [22] and Eliashberg theories [23]. The
calculation details are shown in the Supplemental Material
[24] (see also Refs. [25–28] therein).

Single crystals of BaGa2 were grown by the self-flux
method, as reported previously [29]. The resistivity, magnetic
susceptibility, and specific heat were measured on a physical
property measurement system (Quantum Design) with the
dilution refrigerator insert.

III. RESULTS AND DISCUSSIONS

To comprehensively screen the MgB2-like materials from
the database, the MgB2 structure (space group P6/mmm,
ICSD ID 193379, Materials Project ID mp-763, and Atomly
ID 0000105522) is used as the structural template. There are
two planar layers of atoms in each primitive cell: the metallic
element (X ) forms a triangle lattice layer, and the nonmetallic
element (Y ) forms the honeycomb lattice layer; and the two
planar layers repeat themselves in the c direction alternatively,
forming the stoichiometry of XY 2, as shown in Fig. 1(a).

A screening process, as shown in Fig. 1(b), is performed on
a dataset of the 182 155 material structures, which is obtained
from the Atomly database, to filter out all the compounds with
MgB2 geometry. An in-house script along with the Structure-
Matcher module of the pymatgen library [30] is employed to
extract all the compounds with the MgB2-like structure, and
all radioactive-element-containing compounds are excluded.
After the rigorous filtration process, 56 compounds fall out to
have the MgB2-like structure. Then the following screening
on the thermodynamic stability narrows down the candidate

FIG. 1. (a) The side and top view of the MgB2-like materials. (b)
The screening flow chart for MgB2-like materials. The total process
is divided into three steps: filtering out all MgB2-like materials and
evaluating thermodynamic stability and dynamics stability. The ther-
modynamically stable materials are summarized in the table on the
right, while the dynamically stable ones are summarized in the table
below.

materials to 51 compounds. The thermodynamic stability of
the compounds is assessed by the physical quantity of energy
above hull (Ehull ), which is the reaction enthalpy required to
decompose a material to other stable compounds. The detailed
definition of Ehull can be found in Refs. [31,32]. Thermo-
dynamics wise, a compound with Ehull = 0 meV/atom is the
most stable compound, and the stability is worsening when
Ehull increases. Out of the 56 candidates, Ehull of 51 structures
are <200 meV/atom, 43 structures are <100 meV/atom, and
35 structures are <50 meV/atom. Normally, the threshold of
200 meV/atom is a good value to indicate that the compound
is likely to be synthesized, and 50 meV/atom means the com-
pound is highly likely to be synthesized [33,34]. Finally, the
dynamic stability assessment based on phonon spectrum cal-
culations shows that there are 26 dynamically stable materials.
They are MgB2, AlB2, CaB2, ScB2, TiB2, VB2, YB2, ZrB2,
NbB2, SmB2, GdB2, TbB2, DyB2, HoB2, ErB2, TmB2, HfB2,
Ta B2, CaSi2, GdSi2, ErSi2, TmSi2, SrGa2, BaGa2, BaAu2,
and LaCu2 (see Figs. S1–S4 in the Supplemental Material
[24]). Other compounds, BeB2, CrB2, etc., are found to be
dynamically unstable due to the presence of imaginary fre-
quencies in their phonon spectrum. According to the species
of anions, these 26 materials can be divided into four cate-
gories: the borides XB2 (X = Mg, Al, Ca, Sc, Ti, V, Y, Zr,
Nb, Sm, Gd, Tb, Dy, Ho, Er, Tm, Hf, and Ta), the silicides
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TABLE I. The total EPC λ, T cal
c by the ab initio calculations, T exp

c

measured by experiments, and corresponding references. The em-
pirical parameter μ∗ that represents the effective screened Coulomb
repulsion for BCS systems is usually system dependent and falls into
the 0.04 < μ∗ < 0.18 range [56–58]; hence, we derived the upper
and lower boundaries of Tc accordingly.

Formula λ T cal
c (K) T exp

c (K) Reference

MgB2 0.68 10.3–37.9 39.0 [4]
AlB2 0.47 0.6–10.9 0.0 [64]
CaB2 0.75 9.4–28.6
ScB2 0.28 0.0–1.7 1.5 [65,66]
TiB2 0.13 0.0–0.0 0.0 [46]
VB2 0.36 0.0–4.2 0.0 [46]
YB2 0.40 0.1–6.1 0.0 [67]
ZrB2 0.14 0.0–0.0 0.0/5.5 [35,46]
NbB2 0.71 5.7–19.4 0.6–9.2 [46–52]
SmB2 0.08 0.0–0.0 0.0 [55]
GdB2 0.15 0.0–0.0 0.0 [55]
TbB2 0.12 0.0–0.0 0.0 [55]
DyB2 0.11 0.0–0.0 0.0 [55]
HoB2 0.10 0.0–0.0 0.0 [55]
ErB2 0.09 0.0–0.0 0.0 [55]
TmB2 0.10 0.0–0.0 0.0 [55]
HfB2 0.14 0.0–0.0 0.0 [46]
TaB2 0.95 9.4–20.3 0.0/9.5 [39,46,53]
CaSi2 1.13 8.7–16.0 14.0 [54]
GdSi2 0.07 0.0–0.0
ErSi2 0.09 0.0–0.0
TmSi2 0.12 0.0–0.0
SrGa2 0.44 0.1–2.4
BaGa2 0.56 0.3–3.3
BaAu2 0.34 0.0–0.5
LaCu2 0.46 0.1–2.2

XSi2 (X = Ca, Gd, Er, and Tm), the gallides XGa2 (X = Sr
and Ba), and the alloys (BaAu2 and LaCu2).

According to the existing literature, some of these mate-
rials have been extensively studied previously [35–45]. For
example, MgB2 and NbB2 have been found to transition
to a superconducting state <39.0 and 9.2 K, respectively.
Since MgB2 belongs to the category of conventional super-
conductors where BCS theory applies, the EPC as well as
the superconducting transition temperature Tc can be obtained
from first-principles calculations.

For the 26 dynamic stable candidates, the EPC constant
λ and superconducting transition temperature Tc are obtained
from DFPT calculations, as summarized in Table I. MgB2
has the highest calculated Tc of 37.9 K when the empiri-
cal parameter μ*, which represents the effective screened
Coulomb repulsion, is 0.04, which is in good agreement
with Tc = 39 K obtained in the experiment while tolerating
computation errors. Previously, it was found in experiments
that VB2, TiB2, and HfB2 [46] are nonsuperconductive, in
good agreement with our prediction. It was also found that
ZrB2 [35,46], NbB2 [46–52], and TaB2 [39,46,53] are super-
conductive with Tc up to 5.5, 9.2, and 9.5 K, respectively,
confirming our predictions too. In those experiments, Tc is
highly tunable by the nonstoichiometric ratio, external impu-

rities, etc.; hence, the experimental values of Tc may still need
further investigation. CaSi2 has a Tc of 14 K when it is under
high pressure [54], in line with our predicted value, which
is Tc = 8.7–16.0 K. The rare-earth-containing compounds, es-
pecially lanthanides (SmB2, GdB2, TbB2, DyB2, HoB2, ErB2,
TmB2, HfB2, GdSi2, ErSi2, and TmSi2), are not supercon-
ductors based on our ab initio calculations, confirming the
experimental data [55]. AlB2 and YB2 are two exceptions,
as they are superconductive according to our calculations, but
nonsuperconductive from real-world experiments; therefore,
they are worthy of in-depth studies.

Other than the compounds mentioned above, in this
paper, we add CaB2, SrGa2, BaGa2, BaAu2, and LaCu2

to the list of compounds within the MgB2-structural
family, as they have not yet been experimentally exam-
ined. Based on our theoretical evaluation, CaB2, SrGa2,
BaGa2, BaAu2, and LaCu2 are highly likely to be su-
perconductive, whereas GdSi2, ErSi2, and TmSi2 are
nonsuperconductive. The Tc for CaB2, SrGa2, BaGa2,
BaAu2, and LaCu2 are 9.4–28.6 K, 0.1–2.4 K, 0.3–3.3 K,
0.0–0.5 K, and 0.1–2.2 K, respectively. Recently, theoretical
work also found that the superconducting transition tempera-
ture Tc of BaGa2 is 1.2 K [56].

To investigate the EPC and superconducting transition tem-
perature Tc of CaB2, SrGa2, and BaGa2, we calculate their
phonon dispersion, the phononic density of states, Eliash-
berg spectral function α2F (ω), and cumulative frequency-
dependent EPC constant λ(ω), as presented in Fig. 2. In
addition to this, the band structures and Fermi surfaces are
calculated (see Fig. S5 in the Supplemental Material [24]).
For CaB2, the Ca vibrations mainly dominate the low frequen-
cies of 0–300 cm−1, while the B vibrations mainly dominate
the high frequencies >300 cm−1 [see Figs. 2(a) and 2(c)].
There are some softened phonon modes along the �-A line
and around the � point at ∼ 350 cm−1, which are associated
with the Bxy vibration, yielding a large EPC λqv , as shown
in Fig. 2(b). The phonon dispersion in the frequency range of
300–600 cm−1 contributes most to the EPC λqv [see Fig. 2(d)].
The calculated EPC λ(ω) of CaB2 is 0.75, and Tc is 9.4–28.6
K when μ* is in the 0.04–0.18 range [56–58], which is quite
high in this series of materials.

In SrGa2 and BaGa2, some physical properties such as
vibration dominance are quite different. For SrGa2, the Sr vi-
brations mainly dominate the low frequencies of 0–120 cm−1,
while the Ga vibrations spread in the whole area of the BZ [see
Figs. 2(e) and 2(f)]. There is a softened phonon mode around
the A point, associated with the Gaz vibration (∼ 40 cm−1),
yielding a large EPC λqv , as shown in Fig. 2(f). In addition,
the phonon dispersion in the frequency range of 40–120 cm−1

contributes most to the EPC λqv . The calculated EPC λ(ω)
and Tc for SrGa2 are 0.44 and 0.1–2.4 K, respectively. The
low-frequency phonons (40–120 cm−1) contribute 86% of the
EPC λ, while the high-frequency phonons (180–220 cm−1)
contribute ∼14% [see Fig. 2(h)]. The EPC properties of
BaGa2 are roughly the same as SrGa2 but relatively stronger.
As shown in Figs. 2(i) and 2(j), the Ba vibrations mainly
dominate the low frequencies of 0–100 cm−1, while the Ga
vibrations spread in the whole area of the BZ. No imaginary
phonon modes indicate that it is dynamically stable, at least
from the perspective of the ab initio calculations. As shown in
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FIG. 2. The phonon dispersion weighted by motion modes of constituent elements, the phonon dispersion weighted by the magnitude of
electron-phonon coupling (EPC) λqv , phononic density of states (PhDOS), Eliashberg spectral function α2F (ω), and cumulative frequency-
dependent of the EPC constant λ(ω) of (a)–(d) CaB2, (e)–(h) SrGa2, and (i)–(l) BaGa2. The red, green, blue, and orange colors in (a), (e), and
(i) represent Bxy(Gaxy, Gaxy ), Bz(Gaz, Gaz ), Caxy(Srxy, Baxy ), and Caz(Srz, Baz ) modes, respectively.
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FIG. 3. (a) Temperature dependence of the resistivity. Due to the very small resistance, a current of 0.3 mA was used. (b) Temperature
dependence of the real component of the AC susceptibility. (c) Temperature dependence of the specific heat at various fields. The solid line is
fitted by Eq. (1).

Figs. 2(j) and 2(l), the low-frequency phonons (40–100 cm−1)
have a large contribution to the EPC λqv and total EPC λ. The
calculated EPC λ(ω) and Tc are 0.56 and 0.3–3.3 K, a little
lower than those in CaB2 and SrGa2.

The superconductivity in MgB2 stems from a strong
anisotropic EPC where a large part of the EPC is concentrated
in a few lattice modes close to the � point [59–62]. Figure 2
shows Tc is indeed anisotropicity dependent. The CaB2 shows
a strong anisotropic EPC, the same as in MgB2; hence, it
can host the hot phonons without spreading into all other
phonon modes. The phonon modes in SrCa2 and BaGa2 are
less anisotropic than that of MgB2 and hence lower Tc.

To validate the high-throughput data-driven prediction
based on first principles, the BaGa2 compound is experimen-
tally synthesized and characterized for its superconductivity.
We found that BaGa2 is indeed a superconductor with a mea-
sured Tc = 0.36 K, in good agreement with the theoretical
prediction, which is 0.3–3.3 K. The superconducting proper-
ties were measured by resistivity, magnetic-susceptibility, and
heat-capacity measurements. Figure 3(a) shows the tempera-
ture dependence of the resistance, which gives the onset Tc

of ∼0.37 K. Zero resistance is found <0.29 K. Figure 3(b)
shows the real component of the AC susceptibility χ ′ as the
function of temperature, which exhibits the Meissner effect
<0.32 K. Figure 3(c) further shows the temperature depen-
dence of the specific heat. Above 0.4 K, the specific heat
is linearly dependent on the temperature, demonstrating that
the phonon contribution can be neglected <1 K. A supercon-
ducting jump is found at 0.34 K and disappears <5 kOe. The
behavior below Tc can be well fitted by the BCS expression
for the specific heat:

C = T

Tc

d

dt

∫ ∞

0
dy

(
−6γ�0

kBπ

)
[ f ln f + (1 − f )ln(1 − f )],

(1)

where γ is the normal-state Sommerfeld coefficient,
f is the Fermi-Dirac distribution function, and f =
1/[exp(E/kBT ) + 1]. The energy of quasiparticles is given
by E = √

ε2 + �2, where ε is the energy of the normal elec-
trons relative to the Fermi surface. The integration variable is
y = ε/�. Unlike MgB2 [63], there is no need to introduce two
gaps to describe the specific heat data. The fitted value of �0,

the superconducting gap at 0 K, is 0.0433 meV, which gives
2�0/kBTc = 2.83 with Tc = 0.355 K.

CaB2, which is predicted to have higher Tc, has moder-
ate thermal stability as Ehull = 191 meV/atom; hence, it is
harder to be synthesized via the traditional route. Sometimes
soft chemistry, template epitaxial growth, or high-pressure
synthesis may be able to overcome the unfavorable phase
competition. Combining all the information obtained here,
SrGa2, BaAu2, LaCu2, and CaB2 are worth further experimen-
tal explorations.

Some fundable ideas may soar from here: (a) In this pa-
per, we provided a larger chemical space to investigate the
trends in MgB2-like systems, e.g., the strong anisotropic EPC
[59–62] vs Tc; (b) BaGa2 can serve as a viable system to study
the interplay between Dirac fermions and superconductivity,
as BaGa2 is a multilayered Dirac semimetal with its quasi-
2D Dirac cone located at the Fermi level [29]; and (c) it is
suggested to synthesize CaB2 experimentally under special
conditions, such as high pressure, to overcome the moderate
thermodynamic instability (∼190 meV/atom).

IV. CONCLUSIONS

The vast phase space of the MgB2-like structures is thor-
oughly explored to discover superconductive compounds,
leveraging the recent advances in high-throughput computing,
materials databases, first-principles calculations as well as
state-of-art experiments. In this paper, we find that SrGa2,
BaGa2, BaAu2, and LaCu2 are promising superconductors,
falling out of ∼182 000 starting structures and of which
BaGa2 is experimentally synthesized and measured to confirm
that the compound is a BCS superconductor with Tc = 0.36 K,
in line with theoretical predictions. CaB2 is predicted to have
higher Tc, but the synthesis can be challenging. In this paper,
we provide useful hints for the superconductor community
to search for feasible MgB2-like BCS superconductors with
good performance.

From a broad materials science point of view, in this paper,
we demonstrate an end-to-end materials discovery strategy
to forcefully filter out the desired materials via a fast and
cost-effective fashion. The fourth-paradigm data-intensive
scientific discovery of promising superconductors is on the
radar.
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