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Prediction of nontrivial band topology and superconductivity in Mg2Pb
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The interplay of BCS superconductivity and nontrivial band topology is expected to give rise to opportunities for
creating topological superconductors, achieved through pairing spin-filtered boundary modes via superconducting
proximity effects. The thus-engineered topological superconductivity can, for example, facilitate the search for
Majorana fermion quasiparticles in condensed matter systems. Here we report a first-principles study of Mg2Pb
and predict that it should be a superconducting topological material. The band topology of Mg2Pb is identical
to that of the archetypal quantum spin Hall insulator HgTe, while isostructural and isoelectronic Mg2Sn is
topologically trivial; a trivial-to-topological transition is predicted for Mg2Sn1−xPbx for x ≈ 0.77. We propose
that Mg2Pb–Mg2Sn quantum wells should generate robust spin-filtered edge currents in analogy to HgTe/CdTe
quantum wells. In addition, our calculations predict that Mg2Pb should become superconducting upon electron
doping. Therefore, Mg2Pb is expected to provide a practical material platform for studying emergent phenomena
arising from the interplay of superconductivity and band topology.
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Recently, significant research effort had been devoted to
the search for materials that incorporate both superconduc-
tivity and the topological band structure that is found in
topological insulators (TIs) [1–4]. The interplay of nontrivial
band topology and superconductivity is expected to give
rise to circumstances where time-reversal-invariant p ± ip

superconductivity can naturally emerge as a consequence of
the spin-momentum locking of topological surface electrons
[5]. The surface p ± ip superconductivity in such supercon-
ductors would create a solid-state environment for realizing
the Majorana fermions proposed by Fu and Kane [5,6]. Several
materials hosting both nontrivial band topology and supercon-
ductivity have been discovered and synthesized experimentally
[7–20]. Generally, these materials belong to two categories.
The first are artificially fabricated TI/superconductor het-
erostructures in which superconductivity is introduced into
TI films through superconducting proximity effects [5,18,20].
The others are doped topological insulators that become
superconducting themselves below a critical temperature
[8,9,13,16,21]. Although superconductivity has been found
in these topological materials, new systems can be expected
to display different characteristics. Therefore, there is a need
for the identification of new topological superconductors. In
this paper, we show by using first-principles calculations that
dimagnesium plumbide, Mg2Pb, is expected to be a BCS-
type superconductor on electron doping and, at same time,
possesses a simple topological band structure that resembles
that of the quantum spin Hall parent compound HgTe [22].
Furthermore, a topological transition is predicted for the
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Mg2Pb1−xSnx system. Our theoretical results indicate that
Mg2Pb provides a promising alternative material path to search
for topological superconductivity and Majorana quasiparticles
in condensed matter systems.

Mg2Pb crystallizes in a cubic antifluorite structure in which
Pb atoms form a face-centered cubic arrangement and the
magnesium atoms occupy the eight tetrahedral voids, as
shown in Fig. 1(a). The cubic lattice constants (in space
group Fm-3m, no. 225) are 6.815 Å and 6.776 Å for Mg2Pb
and the isostructural compound Mg2Sn, respectively [23–25].
Figure 1(b) shows the first Brillouin zone of a fcc lattice
with the high-symmetry k points marked. The calculated bulk
band structure of Mg2Pb, obtained here using the generalized
gradient approximation (GGA) method with the inclusion of
spin-orbit coupling (SOC), is shown in Fig. 1(c). The Fermi
surface is predominantly comprised of a hole pocket around
� and an electron pocket around L. The calculated density of
states indicates that the Pb 6p and Mg 3s orbitals dominate the
conduction and valence bands close to the Fermi energy EF .
The overall band dispersion of Mg2Pb is closely analogous to
that of the archetypal quantum spin Hall compound mercury
telluride (HgTe), except that the conduction band along �-L
dives down to the Fermi level, forming an electron pocket at
L. In contrast to the pointlike Fermi surface of HgTe [26],
the Fermi surface of Mg2Pb is large enough to allow for an
effective Cooper pairing instability for low-energy electrons.
Stoichiometric Mg2Pb was reported to be superconducting in
an old compilation [27], but that report was in error.

We now focus on the symmetry and topology of the Mg2Pb
band structure. Figure 2(a) shows the orbital decomposition
of each energy band into Pb 6p and Mg 3s orbitals, which
constitute the dominant low-energy electronic states. There
are three sets of bands close to the Fermi level of Mg2Pb.
For convenience, we employ the representation notation of
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FIG. 1. (a) The cubic antifluorite lattice structure of undistorted
Mg2Pb. (b) The first Brillouin zone with high-symmetry points
indicated. (c) Bulk band structure and density of states (DOS) of
cubic Mg2Pb using the method of generalized gradient approximation
(GGA). The spin-orbit coupling (SOC) is taken into account in the
calculation. The orbital-projected DOS curves are plotted in color.

HgTe to label the three relevant bands of Mg2Pb [26,28]
because the two compounds essentially share the same band
topology. As marked in Fig. 2(a), states �6, �7, and �8 are
two-, two-, and fourfold degenerate at �, and the �8 state
splits into two branches as it disperses away from � due to
reduced symmetry. Each branch is doubly degenerate due to
the presence of time-reversal and space inversion symmetries.
The �8 states lie above the Fermi level at �. The holelike
branch of �8 is primarily derived from Pb 6p orbitals, while

FIG. 2. (a) Band structure of cubic undistorted Mg2Pb with
orbital projection onto Mg s and Pb p orbitals. The color bar gives
the projection weight. The symmetry of each band is denoted by �i

(i = 6,7,8). The “+” and “−” signs indicate the parity eigenvalues of
corresponding states. (b) The bulk band structure of distorted Mg2Pb
with a strain compressing the cubic lattice along the body diagonal
direction by 3%. The angle between fcc primitive vectors is increased
from 60° to 61° by the strain. (c) Band structure of an undistorted
30-unit-cell Mg2Pb(110) slab and the surface Brillouin zone. � − X

and � − Y correspond to the (1-10) and (001) directions, respectively.
The bands are colored according to the weight of wave function on
the top layer of the slab.

the electronlike branch evolves gradually from Pb 6p to Mg
3s with k moving away from �. The �6 band grazes the Fermi
level at �. In contrast to �8, the �6 state at � originates from the
Mg 3s orbital. This leads to a discrepancy in parity eigenvalue
between �6 and �8 states. Our calculation shows that the parity
eigenvalues are even and odd for �6 and �8 states, respectively.
It is this ordering of bands with opposite-parity eigenvalues
that gives rise to a nontrivial band topology, analogous to what
happens in HgTe. The holelike �7 band, mainly from Pb 6p

orbitals, is 1 eV below the Fermi energy and is irrelevant to
the band topology near the Fermi energy.

The fourfold degeneracy of �8 is protected by the C4

symmetry of the lattice and therefore can only be lifted by
a symmetry-breaking perturbation. In order to simulate a
symmetry-breaking effect, we performed calculations where
we compressed the cubic lattice by 3% along the cubic body
diagonal direction, which is equivalent to increasing the angle
α between fcc primitive lattice vectors from 60° to 61°. The
resulting band structure is plotted in Fig. 2(b). Indeed, the
C4-symmetry-breaking strain induces a gap of size 0.1 eV
at the degenerate point of the �8 band. With this gap, the
conduction band is separated from the valence band throughout
the whole Brillouin zone. Because of this band separation,
the conduction and valence bands can be adiabatically pulled
apart in energy, which will make the band structure fully
gapped. Thus, with this strained-induced continuous band gap,
Mg2Pb is topologically equivalent to an inversion symmetric
insulator. Therefore, the Fu-Kane formula of topological
invariants applies to strained Mg2Pb and the Z2 invariant can be
determined by examining the parity eigenvalues of the valence
band at time-reversal invariant momenta (TRIM) points [29].
We find that the Z2 invariant is u = −1, identical to that of
strained HgTe and topological insulators, indicating that cubic
Mg2Pb has a topologically nontrivial band structure.

The defining characteristic of a topological insulator is the
existence of topological surface states (TSS). To explore the
surface states for Mg2Pb, we calculated the band structure
of a 30-unit cell undistorted cubic Mg2Pb slab with a (110)
surface. The result is shown in Fig. 2(c). The bands are plotted
with the weight of the wave function on the top layer of
the slab indicated in color, which makes it easy to discern
the surface vs bulk character of a state. Despite the absence
of a bulk band gap at �̄, a surface band is visible within a
partial bulk band gap around the Ȳ point of the (110)-surface
Brillouin zone. The surface band possesses a large Rashba spin
splitting as a result of the broken space inversion symmetry
at the surface and the strong atomic spin-orbit coupling of

the Pb atoms. We find that ER = 29.5 meV,kR = 0.063 Å
−1

,
and αR = 2ER/kR = 0.93 eV Å, which is comparable with
some of the known bulk Rashba semiconductors such as
BiTeI (ER = 100 meV,αR = 3.8 eV Å), and BiTeCl (ER =
18.5 meV, αR = 1.2 eV Å) [30–32]. The Rashba point appears
0.4 eV below the Fermi level at Y, and the tails of the surface
band merge into the bulk bands at �̄. The vanishing bulk band
gap in the undistorted material obscures a clear identification
of the band topology. Lattice strains can exist in epitaxial films
grown on substrates, however, which would lead to a desirable
band gap at the degenerate point of the �8 band [26,33,34].
To simulate the strain effect, we calculated the electronic band
structure of a semi-infinite Mg2Pb-(110) slab with a 2% lattice
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FIG. 3. (a) Calculated band structure of a semi-infinite
Mg2Pb(110) slab with a 2% lattice compression along the (1-10)
direction. The depth of blue color shows the surface weight of each
wave function. (b) Zoom-in of the part of the electronic band structure
enclosed by the dashed rectangle in (a). (c, d) Spin polarization of
bands shown in red and blue. The spin is aligned primarily along
SX , i.e., the spin is in-plane and perpendicular to the direction of
momentum. The other two components of spin are negligibly small.

compression along the (1-10) direction, which corresponds to
�̄ − X̄ in k space. The band structure along �̄ − Ȳ colored
with the surface weight of each state [Figs. 3(a) and 3(b)]
shows that a band gap of about 30 meV is induced by such
a strain, and that a Dirac surface band emerges inside the
band gap in the same way as is the case for strained HgTe
and α-Sn films [33–37]. The Dirac surface band traverses
the band gap in the strained material in a gapless manner
due to its topological origin. The topological character is
further corroborated by inspecting the calculated spin texture
of the surface band, which is shown in Figs. 3(c) and 3(d).
The calculated dominant spin component of the surface states
is SX, which is in-plane and parallel to �̄ − X̄. The other
two spin components are found to be negligible. Therefore,
the calculated spin polarizations of the Dirac surface states
are perpendicular to the direction of the momentum, thus
exhibiting a spin-momentum locking configuration which is
characteristic of topological surface states.

Another way to visualize the topological nature of the
Mg2Pb band structure is to vary the effective SOC, a critical
factor in this compound. Thus, in Figs. 4(a) and 4(b) we show
the calculated band structures of Mg2Pb without and with
the inclusion of SOC. In the absence of SOC, the �6 band
lies above the �8 band. The �7 and �8 bands are degenerate
at �. When SOC is turned on, �6 and �8 are inverted in
energy at �. The nontrivial band topology of Mg2Pb arises
from this band inversion. At the same time, �7 is split off
from �8 by SOC, pushing �7 to a higher energy region. The
calculated bands for Mg2Sn obtained similarly are presented
in Figs. 4(c) and 4(d) for comparison. Since Sn is lighter

FIG. 4. Calculated band structure of (a) undistorted cubic Mg2Pb
without SOC, (b) same for Mg2Pb with SOC, (c) Mg2Sn without SOC,
and (d) Mg2Sn with SOC. (e) The phase diagram of Mg2Sn1−xPbx

with the bulk band gap as a function of the composition x. The critical
composition is xc = 0.77. (f) The band structure of Mg2Sn1−xPbx at
xc = 0.77.

than Pb, the atomic SOC of Mg2Sn is weaker than that of
Mg2Pb. The band ordering of Mg2Sn at the zone center is
same as in the case of Mg2Pb without SOC, that is, �6 is
higher in energy than �8. Therefore, the energy difference
�E = E6(�)-E8(�) is positive for Mg2Sn but negative for
Mg2Pb. This change in sign signifies that Mg2Sn belongs to a
topologically distinctive topological phase. In other words,
the band inversion and nontrivial topology of Mg2Pb is
induced by the strong SOC of the Pb atoms. Mg2Sn and
Mg2Pb form an isostructural chemical pair with different band
ordering, similar to the quantum spin Hall parent compounds
HgTe and CdTe. The effective SOC can be tuned by varying
the chemical composition in Mg2Sn1−xPbx . At the critical
composition xc, the band gap vanishes and a topological phase
transition occurs. Figure 4(e) presents the bulk energy gap
as a function of Pb concentration x calculated via a mixed
pseudopotential method [38]. The critical concentration for
the trivial-to-topological transition is found to be xc = 0.77.
The band structure at the critical point, presented in the
upper panel of Fig. 4(e), shows the “touching” of �6 and �8

bands, and a linear bulk band dispersion, which is different
from the symmetry-protected three-band crossings [39]. The
system becomes a 3D Dirac semimetal at the critical point
[40]. The chemical and structural affinity between Mg2Pb
and Mg2Sn suggests that a quantum well heterostructure
consisting of Mg2Sn/Mg2Pb/Mg2Sn with a variable well width
should achieve the quantum spin Hall effect with a robust
spin-momentum-locked edge current, analogous to what has
been done for CdTe/HgTe/CdTe quantum wells [22]. What
makes Mg2Pb different from HgTe is that with electron doping
Mg2Pb may become a BCS-type superconductor.

In order to explore the possible existence of superconduc-
tivity in Mg2Pb, we performed systematic calculations for the
electron-phonon coupling. Figure 5(a) shows the calculated
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FIG. 5. (a) Calculated phonon dispersion for cubic Mg2Pb. The
size of red dots indicates the magnitude of the electron-phonon
coupling λqv at different places in the Brillion zone. (b) The
dependence of Fermi-level shift on electron doping. (c) The band
structure of Mg2Pb. The energies marked by the dashed lines
correspond to the results in (b, d) with same labels. (d) The
calculated superconducting critical temperature Tc and effective
electron-phonon coupling λqv of Mg2Pb as a function of electron
doping concentration. (e) Schematic of a gate-controlled device based
on Mg2Sn/Mg2Pb/Mg2Sn heterostructure of a nanoribbon shape,
which can be switched into the superconducting quantum spin Hall
mode.

phonon spectrum of undoped cubic Mg2Pb, in which the
magnitude of the calculated electron-phonon coupling λqv is
indicated by the size of red dots. In our calculations, we find
the total electron-phonon coupling λ = ∑

qv λqv to be 0.239.
The major contribution to λ comes from the acoustic phonon
mode with lowest energy. Using the McMillan formula (see
Methods section for details), the superconducting transition
temperature Tc is estimated to be 0.002 K for pure Mg2Pb,
an extremely low temperature. Mg2Sn is not calculated to
be superconducting at all. Our calculations show, however,
that λ and Tc increase significantly when doping Mg2Pb
with electrons (or, equivalently, raising the Fermi level).
The calculated relation between the electron doping and the
Fermi-level shift is illustrated in Fig. 5(b), where negative
values of electron doping correspond to hole doping. We
calculated λ and Tc at several doping levels as marked in
the band structure shown in Fig. 5(c). The results in Fig. 5(d)
suggest a monotonic increase of the superconducting critical
temperature on raising the Fermi level. For example, when
adding 0.7 electrons to the unit cell, Tc is calculated to become
approximately 1.4 K. This effect becomes more prominent
when the Fermi-level shift is larger than 0.4 eV. On electron
doping, the Fermi level is close to the band edge of the
two �8 branches, so the enhancement of superconductivity
is likely due to the participation of electrons from the �8

band edge and the electronlike �8 band in the superconducting

Cooper pairing. Electron doping should also make possible the
placing of the Femi level inside the topological band gap of
a strained Mg2Pb film, in turn pairing the topological surface
electrons through an effective surface-bulk proximity effect
[41]. Therefore, this coincidence between the Fermi-level
shift and the strain-induced topological band gap is predicted
to give rise to a potential visualization of helical p ± ip

superconductivity on the surface of Mg2Pb [18]. The fact
that the surface Dirac cone is buried in the bulk band is
not a limitation for the study of superconducting surface
states, because the surface states are tightly confined to the
atomic layers near the surface and the bulk band dispersion
is always gapped by electron-phonon instability (for s-wave
pairing in this case) [41]. Moreover, the presence of bulk
states at the Fermi level is a necessity for the emergence of
superconductivity. Hole doping, by contrast, cannot promote
the superconductivity in the compound.

In summary, we have investigated the electronic struc-
ture and electron-phonon coupling of Mg2Pb and Mg2Sn
by first-principles calculations. Our calculations reveal that
Mg2Pb should be a BCS-type superconductor upon electron
doping, and at the same time possesses a nontrivial electronic
band topology thanks to the strong spin-orbit coupling of
Pb atoms. On the other hand, Mg2Sn is calculated to be
topologically trivial with a band ordering identical to that of
CdTe. The calculated coexistence of nontrivial band topology
and superconductivity makes Mg2Pb a promising material for
hosting topological superconductivity. There are two ways to
visualize the topological superconductivity in Mg2Pb. The
first way is to create an Mg2Sn/Mg2Pb/Mg2Sn quantum
well heterostructure, as has been done for CdTe/HgTe/CdTe
quantum wells. A schematic of a gate-controlled device
based on Mg2Sn/Mg2Pb/Mg2Sn heterostructure is plotted in
Fig. 5(e). By controlling the width of the quantum well, one
may be able to tune the system into the quantum spin Hall
phase and thus generate a pair of spin-momentum-locked
topological edge bands. Because Mg2Pb is calculated to be
superconducting on electron doping, the edge-state electrons
may pair up through superconducting proximity effects to
create a 1D p ± ip superconductor. The other approach
would be to shift the Fermi level to the energy of the Dirac
surface states in a strained Mg2Pb film by substitutional
alloying or applying a gating voltage. Deviations from the
optimal doping (in which the Fermi level is shifted by
∼0.6 eV) will lead to only a standard superconductor with
no topological feature. This can potentially enable a switch
that can turn on/off the contribution from topological surface
states in the heterostructure device by varying the gating
voltage. The spin-polarized surface electrons may then form
Cooper pairs facilitated by the superconducting bulk-surface
proximity effect, and thus generate a 2D topological p ± ip

superconductor, which is line with the Fu-Kane mechanism
of proximity-effect-induced p-wave superconductivity [5].
Taking collectively our results on calculated band topology and
superconductivity, we propose that Mg2Pb provides a versatile
platform for a material realization of topological superconduc-
tivity, especially in low dimensions. In addition, we calculate
that by tuning the composition in Mg2Sn1−xPbx to the critical
value, one can potentially obtain a superconducting Dirac
semimetal with a linear band dispersion, therefore opening
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a door for studying the rich physics arising from the interplay
between superconductivity and Dirac semimetallic states.

Methods. We computed electronic band structures using
the projector augmented wave method [42,43] as implemented
in the VASP package [44–46] within the GGA [47] schemes.
Experimental lattice constants were used [23,24]. 11 × 11 ×
11 and 11 × 11 × 1 Monkhorst-Pack k-point meshes with
an energy cutoff of 400 eV were used in the bulk and slab
calculations, respectively. The spin-orbit coupling effects are
included self-consistently.

The electron-phonon coupling was computed based on
density functional perturbation theory [48] implemented in
the QUANTUM ESPRESSO code [49]. Norm-conserving pseu-
dopotentials were employed in calculations. A 24 × 24 × 24
k-point mesh, 4 × 4 × 4 q-point mesh, and an energy cutoff
of 80 Ry (800 Ry) for wave functions (charge densities) were
used in calculations of electron-phonon coupling strength λqv ,

λqv = 1

πNF

�
′′
qv

ω2
qv

, (1)

where NF is the density of states (DOS) at the Fermi level,
and ωqv is the phonon frequency of mode v at wave vector q.
The electron-phonon quasiparticle linewidth �

′′
qv is given by

�
′′
qv = πωqv

∑
mn,k

∣∣gv
mn(k,q)

∣∣2
δ(εnk)δ(εmk+q), (2)

where εnk is the energy of the KS orbital and the dynamical
matrix reads

gv
mn(k,q) =

(
h̄

2Mωqv

)1/2

〈ψnk|dVscf

duqv

• êqv|ψmk+q〉, (3)

where dVscf
duqv

represents the deformation potential at the small
atomic displacement duqv of the given phonon mode. M and
êqv denote the mass of the atom and the unit vector alone uqv ,
respectively. The critical temperature Tc can then be estimated
by McMillan formula:

Tc = ωln

1.20
exp

[
− 1.04(1 + λ)

λ − μ∗(1 + 0.62λ)

]
, (4)

where

λ =
∑
qv

λqv, (5)

ωln = exp

[
2

λ

∫
dω

ln ω

ω
α2F (ω)

]
, (6)

α2F (ω) = 1

2

∫
BZ

dωλqvωqvδ(ω − ωqv), (7)

μ∗ = 0.1. (8)

To simulate the doping effect, we artificially increased or
reduced the total electron number in a unit cell, and meanwhile
a uniform charge background was inserted to keep the system
neutral. The density functional theory (DFT) self-consistent
calculations as well as linear response calculations for super-
conductivity were repeated for each doping concentration.

To calculate the surface electronic structures with a semi-
infinite slab, we first constructed a tight-binding Hamilton
for Mg2Pb from first-principles results. The tight-binding
matrix elements were calculated by the projection of Wannier
orbitals [50–52], which were obtained by the VASP2 WANNIER90

interface [53]. We used Mg s, Mg p, Pb s, and Pb p orbitals
to construct the Wannier functions without performing the
procedure for maximizing localization. The surface states
were then calculated from the surface Green’s function of the
semi-infinite system [54].

The virtual crystal approximation for a mixture of Pb and
Sn was implemented with the pseudopotentials developed
by Hartwigsen, Goedecker, and Hutter (HGH) [55]. The
advantage of HGH pseudopotentials is that the nonlocal
exchange-correlation part and spin-orbit coupling depend
linearly on parameters hl

ij and kl
ij , respectively. This simple

parameterization enables a straightforward generation of
mixed pseudopotentials with appropriate weights of Pb and
Sn by linear interpolation [28,56]. The lattice constant of
Mg2Sn1−xPbx was determined by linear interpolation between
the experimental lattice constants of Mg2Pb and Mg2Sn. The
computation package ABINIT [57] was employed for the mixed
pseudopotential calculation.
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