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Using first-principle calculations, we investigate the electronic, topological, and superconducting properties of
Nb3X (X = Ge, Sn, Sb) and Ta3Y (Y = As, Sb, Bi) A15 compounds. We demonstrate that these compounds host
Dirac surface states, which are related to a nontrivial Z2 topological value. The spin-orbit coupling (SOC) splits
the highly degenerate R point close to the Fermi level enhancing the amplitude of the spin Hall conductance.
Indeed, despite the moderate spin orbit of the Nb-compounds, a large spin Hall effect is also obtained in Nb3Ge
and Nb3Sn compounds. We show that the Coulomb interaction opens the gap at the R point thus making
the occurrence of Dirac surface states more obvious. We then investigate the superconducting properties by
determining the strength of the electron-phonon BCS coupling. The evolution of the critical temperature is
tracked down to the 2D limit indicating a reduction of the transition temperature, which mainly arises from the
suppression of the density of states at the Fermi level. Finally, we propose a minimal tight-binding model based
on three coupled Su-Schrieffer-Heeger chains with t2g Ta and Nb orbitals reproducing the spin-orbit splittings at
the R point among the π -bond bands in this class of compounds. We separate the kinetic parameters in π and δ

bonds, in intradimer and interdimer hoppings, and discuss their relevance for the topological electronic structure.
We point out that Nb3Ge might represent a Z2 topological metal with the highest superconducting temperature
ever recorded.
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I. INTRODUCTION

Topological superconductivity is a captivating phase of
condensed matter physics characterized by unique electronic
properties such as the Majorana fermions [1]. These parti-
cles, distinct for their non-Abelian statistics, hold promise
for fault-tolerant quantum computation. This enigmatic phase
of matter has ignited a surge of research, with potential
applications spanning quantum computing to quantum in-
formation storage. Understanding and harnessing topological
superconductivity holds the key to obtaining new quantum
technologies. Therefore, a growing interest in topological
superconductivity has been rising in the last decade [2,3].
Topological superconductivity can arise from the coexistence
of Bardeen–Cooper–Schrieffer (BCS) superconductivity and
Dirac states, which can lead to mixed pairing order parameters
or topological superconductivity; therefore, the Dirac surface
states of superconductors are platforms for investigating the
interplay between superconductivity and topologically non-
trivial Fermi surfaces [4,5].
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The most common k-space topological phase is char-
acterized by a nonzero Z2 topological invariant. The Z2

topological insulators have gapped bulk band structure and
gapless surface states. These surface states are protected by
time-reversal symmetry. Z2 topological metals are conduct-
ing materials with gapless bulk band structures and gapless
surface states [6–8]. In the last years, different families of
materials have been proposed to be Z2 topological metals
with a superconductive ground state. We can mention some
of the most representative members of these families as
the kagome [9] CsV3Sb5, the nonsymmorphic ZrOSSi [10],
beryllenes [11], and KHgAs compounds [12], and the van
der Waals Ta2Pd3Te5 material [13,14]. Dirac surface states
were also found in several undoped iron-based systems such
as BaFe2As2 and LiFeAs [15,16].

The Nb-based A15 compounds were widely studied in
the past due to their superconductivity with a high critical
temperature (Tc). The superconductivity in Nb-based A15
compounds was found to be BCS-like [17], namely the pairing
of the superconducting electrons is via electron–phonon cou-
pling. The Fermi level of these compounds is close to a peak in
the density of states deriving from dimerized one-dimensional
Nb chains. In silicides and germanides of transition metals,
the highest Tc was found in V3Si among all the known binary
compounds [18]. The A15 claimed the title of the highest Tc

superconductors in 1954 when Tc = 18 K was first observed in
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Nb3Sn [19]. Additionally, high-temperature superconductiv-
ity in H-based A15 compounds was recently found [20] Other
Nb-based superconductors were then found as for example
Nb3Al with Tc = 18.8 K [21], Nb3Ga with Tc = 20.3 K in
[22] and Nb3Ge with Tc = 22.3 K [23]. Recently, several
Nb-based compounds were investigated for their exotic su-
perconducting properties such as the van der Waals NbX2 (X
= S, Se) [24–26] and the noncentrosymmetric NbRe [27,28]
Both theoretical and experimental investigations have exten-
sively explored the properties of A15 compounds [17,29–
33] based on niobium and tantalum, due to their high crit-
ical temperature and high critical magnetic fields. Due to
the discovery of the unconventional high-Tc superconductivity
in heavy fermions and cuprates, the superconductive phase
of the A15 compounds has received less scientific attention
in recent years. Recently, the A15 compounds regained at-
tention due to the large degeneracy at the R point, these
A15 compounds are multifold fermion metals [34] with a
notable spin Hall effect [35,36] and nontrivial band struc-
ture topology [37,38]. Dirac points are emergent along the
R–M path due to the C4 rotational symmetry [36]. The large
spin Hall conductivity in these compounds is due to the fact
that they have bands close to the Fermi level that present
crossings unprotected under the action of the spin-orbit cou-
pling interaction (SOC) [35]. The Ta-based A15 compounds
have the same filling as the Nb-based A15 compounds,
with the Ta having a larger SOC. The Ta3Sb compound
with A15 crystal structure was proposed to be a topological
superconductor [39,40].

Regarding the realization of devices, Nb3Sn superconduc-
tors have significant applications in constructing high-field
magnets [41]. Nb3Sn can be used as a coating for pro-
ducing superconducting surfaces [42] and for particle ac-
celerators [43]. Nb3Sn thin films are promising candidates
for future applications in superconducting radio frequency
cavities [42].

In this paper, we study the electronic, topological, and
superconductive properties of Nb3X (X = Ge, Sn, Sb) and
Ta3Y (Y = As, Sb, Bi) A15 compounds and we demon-
strate that all these compounds are Z2 topological metals
hosting Dirac surface states. We study the interplay between
the electronic and topological properties with the spin Hall
and BCS superconductivity. These topological properties can
be explained by a tight-binding model with three coupled
Su–Schrieffer–Heeger (SSH) chains. Nb3Sb and Ta3Y (Y =
As, Sb, Bi) have half-filling p and d orbitals, while Nb3Ge
and Nb3Sn have one electron less. The paper is organized as
follows. In the next section (Sec. II), the results of our ab
initio calculations are reported. In more detail, this section is
divided into many subsections: in Sec. II A the structural
and electronic properties of Nb3X and Ta3Y are investigated,
in Sec. II B we study the spin Hall conductivity, while in
Secs. II C and II D we discuss the topological properties
for the Ta-based and Nb-based compounds, respectively. Sec-
tion II E is devoted to the superconductivity, while Sec. II F
is dedicated to the thickness-dependent density of states. In
Sec. III, we report our tight-binding model composed of the
three coupled chains of the SSH model with t2g orbital basis.
Finally, Sec. IV is devoted to the discussion, conclusions,
and outlook.
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FIG. 1. (a) Crystal structure of the A3B compound. The A sites
are shown in yellow and B sites are shown in brown. The A sites
belong to the dimers along the a, b, and c axis of the unit cell. We
indicate with a red bond the dimer along the a axis, with a green
bond the dimer along the b axis and with a blue bond the dimer
along the c axis. (b) The irreducible bulk Brillouin zone with (001)
surface projections is used for computing surface states. (c) Slab of
A3B compounds periodic along (001) crystal direction with the top
surface layer composed of A2 and bottom surface layer composed of
AB elements. The composition of the bottom and top surface layers
is preserved along the paper.

II. RESULTS

A. Structural and Electronic properties of Nb3X and Ta3Y

A15 compounds are governed by the Pm3n (No. 223)
space group, which exhibits an intermetallic nature arising
from a chemical composition of A3B, where site A is occupied
by a transition metal/d-block element and site B is occupied
by the p-block element. The crystal structure presented in
Fig. 1(a) is a typical unit cell of an A15 compound with in-
version symmetry containing eight atoms with site A forming
one-dimensional chains along the edges, which are orthogonal
to neighboring faces and the B site forming a body-centered
cubic lattice. The presence of spatial inversion symmetry is
due to the nonsymmorphic space group governing the system,
which involves a screw axis in the [001] crystal direction.
The A sites in A3B composition occupy 6c Wyckoff positions
(0.25, 0.00, 0.50) and the B sites occupy 2a Wyckoff posi-
tions (0.00, 0.00, 0.00). The crystal structure presents three
dimers of the A atoms, along the a, b, and c axes, as shown
in Fig. 1(a). A typical slab of A15 compound periodic in
[001] crystal direction is presented in Fig. 1(c) with surface
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FIG. 2. Electronic structures of (a) Ta3As, (b) Ta3Sb, and (c) Ta3Bi with spin-orbit coupling. Surface states of (d) Ta3As, (e) Ta3Sb, and
(f) Ta3Bi indicating spin-momentum locked Dirac dispersions at � point. Slab band structures of (g) Ta3As, (h) Ta3Sb, and (i) Ta3Bi with the
red bands indicating the contribution from the top surface layer and the blue bands indicating the contribution from the bottom surface layer of
the slab presented in Fig. 1. The legends on the right in panels [(d)–(i)] indicate the spectral weights of the top and bottom layers. The Fermi
level is set to zero in all panels.

Brillouin zone highlighted in Fig. 1(b). Such slab structure
leads to the absence of the fractional translation symme-
tries, which breaks the fourfold symmetry in bulk to twofold
symmetry on the surfaces [37]. Therefore the surface Bril-
louin zone would be orthorhombic, such surface projection
has the momentum path � → X → � → M/S (since on
the surface the S and M points of the orthorhombic and
cubic Brillouin zone are equivalent) [35,37]. This exposes
two unique surfaces, the top surface originates from the A2

atomic arrangement and the bottom surface originates from
the AB atomic arrangement. The optimized lattice constants
(a) after structural relaxation for Nb3Ge, Nb3Sn, and Nb3Sb
are 5.177 Å, 5.324 Å, and 5.303 Å, respectively, which are
in agreement with literature [44–46]. While the optimized
lattice constants (a) for Ta3As, Ta3Sb, and Ta3Sn are, 5.203 Å,
5.329 Å, and 5.394 Å, respectively.

The computational framework is described in Appendix B.
In Figs. 2 and 3 the electronic structures of Ta3Y and
Nb3X compounds are shown, respectively. Both band struc-
tures host fourfold rotational symmetries. This is due to the
presence of nonsymmorphic symmetry operations involving
fourfold rotations and fractional translations with respect to
the [001] crystal directions. Apart from the symmetries due
to time-reversal and spatial-inversion symmetry, we observe
additional degeneracies in the momentum. Due to the non-
symmorphic symmetries and screw axes, we have a fourfold
degeneracy above Fermi, which splits into eightfold degener-
acy due to SOC whereas, the sixfold degeneracy below the
Fermi level splits into fourfold and eightfold degeneracies
with the fourfold degeneracies lying above the eightfold de-
generate states at the R point due to SOC. However, in the case
of Ta3Bi due to strong SOC originating from Bi atoms, the
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FIG. 3. Electronic structures of (a) Nb3Ge, (b) Nb3Sn, and (c) Nb3Sb with spin-orbit coupling. Surface states of (d) Nb3Ge, (e) Nb3Sn,
and (f) Nb3Sb indicating spin-momentum locked Dirac dispersions at � point. Slab band structures of (g) Nb3Ge, (h) Nb3Sn, and (i) Nb3Sb
with the red bands indicating the contribution from the top surface layer and the blue bands indicating the contribution from the bottom surface
layer of the slab presented in Fig. 1. The legends on the right in panels [(d)–(i)] indicate the spectral weights of the bottom and top layers. The
Fermi level is set to zero in all panels.

sixfold degenerate states below Fermi splits similar to other
compounds but with the exception that the fourfold degen-
eracies are pushed below the eightfold degeneracies. Such
eightfold degenerate points are known to represent double
Dirac points [38]. As we demonstrate in Appendix A, in the
low-energy sector at the R point two groups of bands are
present: the bands related to the π and δ intradimer bonds.
In Figs. 2(a), 2(b), 2(c), 3(a), 3(b), 3(c) the band structures in
the range –1 to 1 eV are shown, at the R point we can see
in this range the π -bond bands. The δ-bond bands are around
1.5 eV below the Fermi level. The parabolic band appearing
at the � point for the Ta-based compounds is the 6s band of
Ta. The 6s band crosses the p-d bands for Ta3As and Ta3Sb
and increases the density of states.

However, at the R point in the momentum space, we
have mild variations in Ta3Y and Nb3X compounds with

eigenvalues that are four and eight times degenerate as shown
in Figs. 2 and 3, which is in agreement with the literature.
While in Ta-based compounds, the strong SOC at the R point
opens the gap between π -orbital bands, as we can see in
Figs. 2(a)–2(c), in the Nb-based there is a smaller splitting
at R but the bands with the camelback shape around R are still
crossing keeping conduction and valence sectors entangled, as
it is shown in Figs. 3(a)–3(c).

The crystal symmetries are responsible for orbital hy-
bridizations in the compounds, once we apply the SOC the
anticrossings strongly contribute to the Berry curvature and
spin Berry curvature. The multiple crossings observed in the
electronic structures here give rise to large spin Berry curva-
tures, which effectively translates to a large spin Hall effect
in such compounds since the Fermi level lies within gaped
crossings.
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At the Fermi level, we observe a high density of states
with large contributions (due to multiple crossings) from tran-
sition metals Ta or Nb and minor contributions from other
constituent elements of the A3B composition, as shown in
Appendix C. In the momentum space, the conduction band
minima at � point originates from the s orbitals of group
III elements or pnictogens in the A3B composition while the
valence band maxima at � point originate from the d orbitals
of transition metals. Since these dispersions vary between the
Ta3Y and Nb3X compositions, their relative positions define
the density of states at the Fermi level and in turn the super-
conducting critical temperature (Tc) of the system.

In Ta3As and Ta3Bi, the conduction band minima with s-
orbital contributions are below the valence band maxima with
d-orbital contributions at � point as observed in Figs. 2(a) and
2(c). However, in the case of Ta3Sb and Nb3X, the conduction
bands and valence bands are well separated throughout the
Brillouin zone as presented in Figs. 2(b) and 3, respectively.
In this last case, the s-orbital contributions are farther away
from the Fermi level as compared to the Ta3Y family. The
well-resolved band manifolds in Ta3Sb and Nb3X are accom-
panied by band inversions across the Fermi level, which could
produce topological properties. We will see that the pres-
ence of the s-orbitals band produces additional anticrossings
and additional bands that increase the spin Hall conductivity
(SHC) and Tc respectively.

B. Spin Hall conductivity

It is clear from the electronic structures of these com-
pounds that they host multiple crossings and anticrossings,
therefore we have a large change in the spin Berry curvature,
which indicates that the spin Hall effect should be large. It
is known that the SHC is inversely proportional to the spin-
orbit induced gap. Accordingly, in the case of Ta3As, Ta3Sb,
and Ta3Bi (spin-orbit induced gap in electronic structure in
increasing order) we find that the SHC at the Fermi level is
–1492.8 (h̄/e) Scm−1, –1423.86 (h̄/e) Scm−1, and –1320.2
(h̄/e) Scm−1 respectively (which has decreasing trend as
compared to the increasing order of the spin-orbit induced
gap). The SHC of Ta3As and Ta3Bi close to the Fermi level
are shown in Fig. 4. The SHC exhibits a wide peak that
encompasses the energy range where the gapped crossings
are located. In both cases of Ta3As and Ta3Bi the peak is
very close to the Fermi level since the gapped crossings are
located near the Fermi level, as shown in Figs. 2(a) and
2(c). A similar trend is observed in the case of Nb3X (with
group III elements), i.e., for Nb3Ge and Nb3Sn (with the spin-
orbit induced gap in electronic structure in increasing order)
we have SHC at the Fermi level of –1691.4 (h̄/e) Scm−1

and –983.1 (h̄/e) Scm−1 respectively. In the composition
of Nb3X, Nb3Sb is an outlier with significantly low and
positive SHC of 155.3 (h̄/e) Scm−1 since it is a pnictogen
substitution as compared to the other two, which are group
III elements.

Large values of the SHC are usually associated with robust
orbital texture. Indeed, the A15 systems host a robust orbital
texture [37]. Even if the orbital moment is zero, since the
compounds present inversion symmetry and highly symmetric
crystal structure, the breaking of the inversion symmetry at the
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FIG. 4. Spin Hall conductivity as a function of the energy for
Ta3As and Ta3Bi compounds. The black solid line indicates Fermi
level.

surface will generate an orbital magnetic moment. This makes
the study of the surface states of A15 compounds interesting.

C. Topological properties of Ta3Y (Y = As, Sb, Bi)

In this subsection, we discuss first the topological prop-
erties of the Ta3Sb that is the ideal case; later, we discuss
the topological properties of Ta3As and Ta3Bi with the pres-
ence of the s band at the Fermi level. Since the Ta3Sb
compound shows well-resolved band manifolds, we com-
pute the surface states projected on [001] crystal direction
as presented in Fig. 2(e). Clearly, this compound hosts spin-
momentum locked surface states with Dirac dispersions at �

point. We also represent the corresponding slab band struc-
ture in Fig. 2(h), which shows that the Dirac dispersion at
� originates from the top surface layers. Although these are
slightly away from the Fermi level, one can realize them at
the Fermi level in experimental conditions by varying the
carrier concentrations. Albeit, as the band manifolds are well
resolved in the case of Ta3Sb, we compute the Z2 topological
invariants using the Wilson loop method around the Wannier
charge centers. Therefore, for Ta3Sb, the four Z2 3D topolog-
ical invariants are (ν0, ν1ν2ν3) = (1;000) indicating a strong
topological insulator character.

Since the conduction bands and valence bands are degen-
erate at the � point due to the presence of the 6s band in the
case of Ta3As and Ta3Bi, we do not calculate the Z2 invariants
for these compounds. Although Z2 is not well defined, from
the band structure we can see the Dirac surface states for
Ta3As and Ta3Bi as shown in Figs. 2(d), 2(g), 2(f), and 2(i),
respectively, where we show both the surface states and the
slab band structures. However, when we include the 6s band
in the tight-binding model with the Wannier basis, the Dirac
surface states are blurred by the hybridization with the 6s band
(see Appendix E for more details). The Dirac surface states
would be difficult to detect in Ta3As and Ta3Bi, while they
should be observable in all other compounds investigated in
this paper.
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FIG. 5. (a) Electronic structure of Nb3Ge for U = 0, 2, 3, and 4 eV with spin-orbit coupling. (b) Surface states of Nb3Ge for U = 0, 2, 3,
and 4 eV indicating the presence of spin-momentum locked Dirac dispersions shifting farther from the Fermi level with the increase in U. The
legends on the right in panel (b) indicate the spectral weights. The Fermi level is set to zero in all panels.

D. Topological properties of Nb3X (X = Ge, Sn, Sb): effects of
Coulomb repulsion

Although Z2 invariants are not well defined for Nb3X
compounds in the absence of Coulomb repulsion (U), from
the band structures, we can see the Dirac surface states as
shown in Figs. 3(d) and 3(g) for Nb3Ge, 3(e) and 3(h) for
Nb3Sn, and 3(f) and 3(i) for Nb3Sb. To investigate further,
we perform DFT+U calculations for Nb3Ge, Nb3Sn, and
Nb3Sb. The band structures within DFT+U are shown in
Figs. 5–7. The Coulomb repulsion opens a global gap in the
momentum space, which is obvious from the evolution of
bulk band structures for different values of U as shown in
Figs. 5(a) for Nb3Ge, 6(a) for Nb3Sn, and 7(a) for Nb3Sb. The
corresponding surface states are instead shown in Figs. 5(b)
for Nb3Ge, 6(b) for Nb3Sn, and 7(b) for Nb3Sb. As we can

see from the surface states, for all three compounds, the Dirac
point at � is buried in the bulk at U = 0 eV, while already at
U = 2 eV it is clearly visible and at U = 4 eV there is a global
gap in the momentum space making the calculation of four Z2

invariants possible.
After the opening of the gap, the calculation of Z2 is

well defined and we obtain the four Z2 topological invari-
ants (ν0, ν1ν2ν3) = (1; 000), showing that all these Nb-based
compounds are Z2 topological metals hosting Dirac surface
states similarly to Ta3Sb compound. This is a clear signature
of nontrivial topological states appearing not only in heavy
Ta-based compounds but also in Nb-based compounds.

E. Bulk superconductivity in Nb3X and Ta3Y

Generally, superconductivity requires metallic states at the
Fermi level whereas topological insulators are gaped due to

FIG. 6. (a) Electronic structure of Nb3Sn for U = 0, 2, 3, and 4 eV with spin-orbit coupling. (b) Surface states of Nb3Sn for U = 0, 2, 3,
and 4 eV indicating the presence of spin-momentum locked Dirac dispersions shifting farther from the Fermi level with the increase in U. The
legends on the right in panel (b) indicate the spectral weights. The Fermi level is set to zero in all panels.
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FIG. 7. (a) Electronic structure of Nb3Sb for U = 0, 2, 3, and 4 eV with spin-orbit coupling. (b) Surface states of Nb3Sb for U = 0, 2, 3,
and 4 eV indicating the presence of spin-momentum locked Dirac dispersions shifting farther from the Fermi level with the increase in U. The
legends on the right in panel (b) indicate the spectral weights. The Fermi level is set to zero in all panels.

spin-orbit interactions, and they present conducting surface
states. Hence, finding a stoichiometric composition where
bulk superconductivity and topological surface states coexist
is a tough task, i.e., the surface states should lie at the Fermi
level while the bulk remains fully gaped superconductor in
the critical temperature regime. Typically in such systems
the Dirac points exist farther from the Fermi level in the
conduction bands making it challenging to be observed in
experiments like angle-resolved photoemission spectroscopy
(ARPES).

Several compounds have been investigated to this effect
with A15 compounds not being an exception due to their
metallic character [35,37]. Studies have been dedicated to
Ta3Sb as a potential candidate for topological superconduc-
tivity due to the presence of well-resolved spin-orbit induced
band manifolds and a superconducting critical temperature
of 0.7 K [37]. We revisited this compound and find that in
agreement with the previous studies, the Dirac dispersions
in surface states are around 500 meV away from the Fermi
level in the conduction bands as presented in Fig. 2(e) with
a superconducting critical temperature of 0.81 K. However,
these Dirac dispersions on the top surface merge with the
s bands of the pnictogens and on the bottom surface merge
with the d bands of Ta at the � point in the momentum
space. Hence it is highly unlikely that Ta3Sb will become
a topological superconductor as has been observed in some
noncentrosymmetric binary compound BiPd where the Dirac
dispersions lie away from the Fermi level in the superconduct-
ing regime. This explanation holds true for Ta3As and Ta3Bi
as well, which have similar characteristics on the surface
states [presented in Figs. 2(d) and 2(f)] with superconducting
critical temperatures of 3.0 K and 1.16 K respectively. The
s bands in the conduction band minimum (CBM) of Ta3Bi
and Ta3As are responsible for higher Tc as compared to Ta3Sb
since they increase the density of states near the Fermi level.

On the other hand, the Tc for Nb3Ge and Nb3Sn compounds
is higher as compared to Ta3Y and Nb3Sb. Owing to the
electronic structure near the Fermi level, Nb3Sb has a Tc of

2.21 K, which is comparable to that of Ta3As and Ta3Bi.
However, Nb3Sb is an outlier when compared to Nb3Ge and
Nb3Sn, which have a Tc of 15.25 K and 15.66 K, respectively.
This distinction originates from the lattice dynamics, which
is evident from the phonon dispersion curves. As compared
to Nb3Sn, which exhibits anomalous vibrational properties
such as soft modes in the � → X → M directions in the
momentum space [as presented in Fig. 8(b)], the phonon soft-
ening is not observed in Nb3Sb presented in Fig. 14(d) (see
Appendix D). The anomaly of longitudinal acoustic modes of
Nb3Sn softening at lower temperature scales is accompanied
by large neutron scattering linewidths, which is a function of
the electron-phonon coupling coefficient λ(ω), hence result-
ing in higher Tc [17].

We present the phonon dispersion curves alongside the
Migdal-Eliashberg spectral functions α2F(ω) and phonon
density of states F(ω) for Nb3Ge and Nb3Sn in Fig. 8 and

FIG. 8. Phonon dispersion curves of (a) Nb3Ge and (b) Nb3Sn
alongside the corresponding anisotropic Migdal-Eliashberg spectral
functions [α2F(ω)] and phonon density of states [F(ω)].
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FIG. 9. Total density of states (DOS) for bulk Nb3Sn (a) and for various thicknesses [(b)–(e)]. The Fermi level is set to zero in all panels
highlighted in red dashed line. The trend of increasing DOS as a function of thickness is shown in panel (f). The red line represents the DOS
value of the bulk.

for Ta3Y, Nb3Sb in Fig. 14 (see Appendix D). The electron-
phonon coupling coefficients λ(ω) for Nb3Ge and Nb3Sn are
1.41 and 2.03, respectively. The bulk superconductivity in
Nb3X compounds is quite sensitive to the method of crystal
growth and various experimental conditions vary the exper-
imental Tc. However, Nb3Ge has been found to exhibit a
maximum Tc of 23.2 K, which along with Nb3Sn gives fur-
ther scope to explore the interplay between the topology and
superconductivity owing to large SHC at the Fermi level.

F. Thickness dependence of the electronic and superconducting
properties in Nb3Sn thin films

We calculate the DOS as a function of the thickness to
asses the superconducting properties of the Nb3Sn thin film.
The electronic properties reported in this subsection were
calculated with the computational framework described in
Appendix C. In Figs. 9(a)–9(e), we show the DOS calculated
for the bulk and for the stoichiometric slabs with different
thicknesses. The DOS as a function of the thickness is re-
ported in Fig. 9(f), we observe a decreasing value of the DOS
when the thickness got reduced, this will reflect in a reduction
of the critical temperature for the thin films of Nb3Sn. For
ultrathin films, the DOS is reduced approximately by half with
respect to the bulk value. Consequently, the observed decline
in superconductivity in films with reduced thickness can be
explained by a weakening of the DOS. While the large DOS
in three dimensions can be attributed to the presence of the
van Hove singularities [47], in two dimensions we observed
a smoothing of the van Hove singularity. These calculations
show that Nb3Sn has a different behavior due to its complex
band structure properties compared to other BCS supercon-
ductors like V, Ta, or Nb where one normally finds that, as
soon as the thin film thickness is equal or greater than the

coherence length, Tc is very close to the bulk Tc. The experi-
mental superconducting critical temperature of the thin films
strongly depends on the sample quality, of the substrate and
usually tends to reduce with the thickness reduction [48,49].

III. TIGHT-BINDING MODEL WITH THREE SSH CHAINS
FOR t2g ORBITALS

Here, we report a model that includes only the t2g orbitals
of the Nb/Ta atoms. This tight-binding model allows us to
understand the character of the orbitals and the Fermi level
and which hopping parameters tune the opening of the topo-
logical gap. If we want to produce a minimal model for the d
orbitals of the Nb/Ta atoms, we must include all the six Nb/Ta
atoms per unit cell. If we could decouple p and d electrons,
eg are below in energy with respect to t2g given the crystal
field due to the position of other atoms, or anyway, we can
assume this in first approximation. Since the charge transfer is
zero, the Nb/Ta atoms are in d5 electronic configuration. We
developed a tight-binding model for the t2g subset for the six
Nb/Ta atoms. Within the t2g tight-binding model we can easily
include the spin-orbit coupling. The crystal structure presents
three dimers of Nb/Ta atoms, along the a, b, and c axes, as
shown in Fig. 1(a). We consider in our model the intradimer
hybridizations and the interdimer hoppings by including the
first- and the second-nearest neighbors.

The spinful tight-binding model is reported in more detail
in Appendix A and it is composed of three coupled SSH
chains with t2g orbitals. The SSH chain along the b axis
is shown in Fig. 10. Very few recent examples of a three-
dimensional SSH model have been reported in the literature
[50,51], with significant differences from the case proposed
in this paper. The parameters of the model are described in
detail in Appendix A, we have two on-site energies E1 and E2
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a

bc

t1α

t1β

FIG. 10. Top view of the crystal structure of the A3B compound.
The A sites are shown in yellow and B sites are shown in brown.
We indicate with a green bond the dimer along the b axis, we have
deleted the other dimers for a better visualization. The hopping pa-
rameters t1α and t1β have the same geometric structure as the hopping
in the SSH chain.

for the π and δ bonds, respectively. The hopping parameters
t1α , t1β , t2α , t2β for the intradimer elements and t3 and t4 for
the interdimer elements. The band structure reproduced of
the model without including SOC is reported in Fig. 11. A
magnification of the band structure at the R point is shown
in Figs. 12(a) and 12(b), without and with SOC respectively.
We include the SOC within the t2g as the SOC of L = −1. In
our model, when t1α = t1β and t2α = t2β , the π bands are 24
times degenerate without SOC, while when SOC is applied,
they are splitted in two sets 12 times degenerate. The δ bands
are 12 times degenerate both without and with SOC. In the
realistic case, namely when t1α is different from t1β and t2α

is different from t2β , the π bands are 12 times degenerate
without SOC while with SOC they are sixfold degenerate.
The δ bands are sixfold degenerate both without and with
SOC. When t2α = t2β and t1α is different from t1β , the π

bands are 12 times degenerate and the δ bands are 12 times

FIG. 11. Band structure reproduced with the minimal model
without including the SOC interaction. The parameters used are:
E1 = 6.359 eV, E2 = 3.205 eV, t1α = 1.691 eV, t1β = 1.594 eV,
t2α = −0.516 eV, t2β = −0.518 eV, t3 = −0.065 eV, and t4 =
−0.495 eV. The value of the on-site energy E1 controls the position
of the bands that are at around 1 eV at the R point, while the value
of E2 controls the position of the bands manifold, which is at around
–3 eV at the R point. The Fermi level is set at zero energy.

FIG. 12. Zoom of the band structure reproduced with the mini-
mal model along the lines �-R-X (a) without SOC and (b) with the
SOC interaction included. The parameters used are: E1 = 6.359 eV,
E2 = 3.205 eV, t1α = 1.691 eV, t1β = 1.594 eV, t2α = −0.516 eV,
t2β = −0.518 eV, t3 = −0.065 eV, and t4 = −0.495 eV. The SOC
parameter is λ = 0.3 eV. The energy difference between the bands at
the R point without SOC is roughly proportional to the module of the
difference between the hoppings t1α and t1β . The Fermi level is set at
zero energy.

degenerate both without SOC and with SOC. When t1α = t1β

and t2α is different from t2β , the π are 24 times degenerate
without SOC and 12 times degenerate with SOC, while the
the δ bands are 12 times degenerate without SOC and six
times degenerate with SOC. The opening of the topological
gap between the conduction and the valence band at R is
controlled by both the difference t1α-t1β and the spin-orbit
coupling, also the Coulomb repulsion controls the gap as it
was proved within DFT+U. The opening of the gap at R
allows us to explicitly calculate the topological invariants. The
SSH model is a spinless and chiral 1D model, while the model
that we have proposed is spinful and not chiral. Despite these
differences regarding the material class, the relevant quantity
for the topological properties is the difference between the
hopping parameters due to the dimerization in both cases.

IV. DISCUSSION, CONCLUSIONS AND OUTLOOK

Ta3Sb shows robust orbital textures in the topological sur-
face states [37]. Since the material class is the same and
topological surface states are qualitatively the same, we expect
the orbital texture even in Nb3Ge and Nb3Sn. The proximity-
induced superconductivity in the Dirac surface states can
generate Majorana zero mode localized at the vortex [37,52].
Further studies using the tight-binding model for the bulk and
the surface of A15 could shed light on the interplay between
topological and superconductive properties.

In conclusion, using a first-principle approach, we provide
an extensive description of the electronic, topological, and
superconductive properties of the Nb- and Ta-based A15 com-
pounds by calculating band structure, SHC, superconducting
Tc, and topological surface states. All compounds Nb3X (X =
Ge, Sn, Sb) and Ta3Y (Y = As, Sb, Bi) have metallic band
structures. Nb3Ge and Nb3Sn have one electron less respect
to the other compounds, they have a larger density of states
and high superconducting Tc. Ta3As and Ta3Bi host the Ta-6s
band at the Fermi level producing larger Tc and larger SHC
compared to Ta3Sb due to the presence of additional DOS
and additional anticrossings close to the Fermi level. The
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spin Hall conductivity is relatively large also for the lighter
elements due to the presence of several anticrossings in the
Brillouin zone. All the superconducting Tc are sizable. One
of the most interesting results among our outcomes is the
presence of Dirac surface states at the � point for all com-
pounds at the same filling. The ideal case is the Ta3Sb where
we have Z2 metallic compounds with net separation between
conduction and valence bands. In all the other compounds,
the conduction and the valence bands cross due to the Ta-6s
for the Ta compounds and due to the weaker SOC in the
Nb compounds. Despite the crossing between conduction and
valence bands, the band inversion at the high-symmetry points
persists in Nb-based compounds producing always the Dirac
surface states at the � point. Unfortunately, the Dirac surface
states are obstructed when we include the hybridization with
the s bands in the Ta-based compounds. The surface Dirac
points can be tuned by the Coulomb repulsion, in the case
of transition metal termination the Dirac point is around the
Fermi level. Even if the Z2 topological invariant cannot be
calculated in all cases, the presence of the Dirac surface states
is persistent. Therefore, we can assume that the Nb3X (X =
Ge, Sn, Sb) and Ta3Y (Y = As, Sb, Bi) compounds are all Z2

topological metals. These Dirac surface states could explain
the low resistivity of the Nb3Sn surface observed experimen-
tally [42]. Additionally, we provide a minimal tight-binding
model composed of three coupled SSH chains and based on
the t2g orbitals. This tight-binding model reproduces the rele-
vant electronic and topological features for these compounds
at the Fermi level. With a Tc of 23.2 K, Nb3Ge could be the Z2

topological metal with the highest Tc ever reported amongst
the A15 compounds.

The surfaces of the A15 will host an interplay between
Z2 topology, robust orbital texture, breaking of the inversion
symmetry and BCS superconductivity with relatively large
Tc. The nontrivial topology originates from the well-resolved
bands in the momentum space, which dues to bulk-boundary
correspondence host Dirac dispersions along the surfaces.
Also, alongside this topological phenomena, due to multiple
bands crossing the Fermi energy, the superconductivity is
retained simultaneously. Therefore, the surfaces of A15 are
a platform to search for exotic topological superconductiv-
ity. Once it will be grown the thin film of A15, it will be
possible to construct superlattices, junctions, or heterostruc-
tures of superconductors and topological compounds in order
to study the topological superconductivity via the proximity
effect. The nontrivial surface properties of A15 thin films
can also represent an interesting platform for the realization
of gate-controllable superconducting devices, where recent
studies have suggested that surface properties are key for the
observation of the suppression of a critical current under an
applied gate voltage [53].
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APPENDIX A: THREE COUPLED SSH CHAINS WITH A
T2g ORBITAL BASIS

Our model includes just the t2g electrons for the six Nb
atoms. The crystal structure presents three dimers of Nb
atoms, along the a, b, and c axes. We consider in our model
the intradimer hybridizations and the interdimer hoppings by
considering the first and the second-nearest neighbors.

The lattice constant is d = 5.139 Å. The basis in the Hilbert
space is given by the vector

φ
†
i = (φ†

1a, φ
†
2a, φ

†
3c, φ

†
4c, φ

†
5b, φ

†
6b), (A1)

where

φ
†
1a = (

φ
†
1a,xz, φ

†
1a,yz, φ

†
1a,xy

)
, (A2)

the indices 1,.., 6 indicate the Nb atoms from the first to the
sixth, the letters a, c, b indicate the fact that these sites belong
to the dimers along the cell directions a, c, and b, while xz,
yz, and xy indicate the t2g orbitals dxz, dyz, and dxy.

Our Hamiltonian is

H =
⎡
⎣Haa Hac Hab

Hca Hcc Hcb

Hba Hbc Hbb

⎤
⎦,

where the subscript a indicates the dimer along the a direction,
composed of Nb1 and Nb2 atoms, c the dimer along the c
direction, composed of Nb3 and Nb4 atoms and b indicates the
dimer along the b direction, namely the dimer of Nb5 and Nb6

atoms. The aa, bb, and cc blocks of the Hamiltonian contain
the intradimer hybridizations, while the off-diagonal blocks
contain the interdimer hoppings.

The intradimer submatrices are of the type

Haa =
[

H1a1a H1a2a

H2a1a H2a2a

]
,

where

H1a1a =
⎡
⎣E1axz 0 0

0 E1ayz 0
0 0 E1axy

⎤
⎦,

and

H1a2a =
⎡
⎣H1axz2axz 0 0

0 H1ayz2ayz 0
0 0 H1axy2axy

⎤
⎦,

The on-site energies belong to two groups. The energy E1

belongs to the orbitals that form intradimer π bond, while the

075119-10



DIRAC SURFACE STATES, MULTIORBITAL … PHYSICAL REVIEW B 109, 075119 (2024)

energy E2 belongs to the orbitals that form intradimer δ bond,

E1axz = E1 E1ayz = E2 E1axy = E1

E2axz = E1 E2ayz = E2 E2axy = E1

E3cxz = E1 E3cyz = E1 E3cxy = E2

E4cxz = E1 E4cyz = E1 E4cxy = E2

E5bxz = E2 E5byz = E1 E5bxy = E1

E6bxz = E2 E6byz = E1 E6bxy = E1

.

The intradimer elements have a hopping form similar to the
SSH model [54] as we can see in Fig. 10; therefore, the tight-
binding model that describes the A15 is composed of three
coupled SSH chains. The intradimer Hamiltonian elements
have the form

H1axz2axz = t1αe−ikxd/2 + t1βeikxd/2,

H1ayz2ayz = t2αe−ikxd/2 + t2βeikxd/2

H1axy2axy = t1βe−ikxd/2 + t1αeikxd/2,

H3cxz4cxz = t1βe−ikxd/2 + t1αeikxd/2,

H3cyz4cyz = t1αe−ikxd/2 + t1βeikxd/2,

H3cxy4cxy = t2αe−ikxd/2 + t2βeikxd/2,

H5bxz6bxz = t2αe−ikxd/2 + t2βeikxd/2,

H5byz6byz = t1αe−ikxd/2 + t1βeikxd/2,

H5bxy6bxy = t1βe−ikxd/2 + t1αeikxd/2,

where t1 are π -bonds hoppings and t2 are δ-bonds hoppings.
As expected, we have t1 > t2 if we extract the parameters
from the wannierization of the DFT band structure. The con-
figuration of α and β are the left and right hopping, their
configuration is related to the symmetries of the system. The
topological gap at the R point is controlled by the difference
between t1α - t1β and enhanced by the spin-orbit coupling.

The interdimer submatrices are of the type

Hac =
[

H1a3c H1a4c

H2a3c H2a4c

]
,

where we have

H1a3c =
⎡
⎣H1axz3cxz H1axz3cyz H1axz3cxy

H1ayz3cxz H1ayz3cyz H1ayz3cxy

H1axy3cxz H1axy3cyz H1axy3cxy

⎤
⎦,

Regarding the interdimer hybridizations, the intraorbital el-
ements that are different from zero in our model are the
following:

H1axz3cxz = 2t3ei(kx+kz )d/4cos(kyd/2),

H1axz4cxz = 2t3ei(kx−kz )d/4cos(kyd/2),

H1axy5bxy = 2t3ei(−kx+ky )d/4cos(kzd/2),

H1axy6bxy = 2t3ei(−kx−ky )d/4cos(kzd/2),

H2axz3cxz = 2t3ei(−kx+kz )d/4cos(kyd/2),

H2axz4cxz = 2t3ei(−kx−kz )d/4cos(kyd/2),

H2axy5bxy = 2t3ei(kx+ky )d/4cos(kzd/2),

H2axy6bxy = 2t3ei(kx−ky )d/4cos(kzd/2),

H3cyz5byz = 2t3ei(−ky+kz )d/4cos(kxd/2),

H3cyz6byz = 2t3ei(ky+kz )d/4cos(kxd/2),

H4cyz5byz = 2t3ei(−ky−kz )d/4cos(kxd/2),

H4cyz6byz = 2t3ei(ky−kz )d/4cos(kxd/2),

and the interorbital Hamiltonian elements are the following:

H1ayz3cxy = 2t4ei(kx+kz )d/4cos(kyd/2),

H1ayz4cxy = −2t4ei(kx−kz )d/4cos(kyd/2),

H1ayz5bxz = −2t4ei(−kx+ky )d/4cos(kzd/2),

H1ayz6bxz = 2t4ei(−kx−ky )d/4cos(kzd/2),

H2ayz3cxy = −2t4ei(−kx+kz )d/4cos(kyd/2),

H2ayz4cxy = 2t4ei(−kx−kz )d/4cos(kyd/2),

H2ayz5bxz = 2t4ei(kx+ky )d/4cos(kzd/2),

H2ayz6bxz = −2t4ei(kx−ky )d/4cos(kzd/2),

H3cxy5bxz = −2t4ei(−ky+kz )d/4cos(kxd/2),

H3cxy6bxz = 2t4ei(ky+kz )d/4cos(kxd/2),

H4cxy5bxz = 2t4ei(−ky−kz )d/4cos(kxd/2),

H4cxy6bxz = −2t4ei(ky−kz )d/4cos(kxd/2).

APPENDIX B: COMPUTATIONAL DETAILS FOR THE
QUANTUM ESPRESSO CALCULATIONS

To compute material properties, we employed density
functional theory based first-principles calculations as im-
plemented within the Quantum ESPRESSO code [55].
We use generalized-gradient approximations with Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional [56]
implemented in norm-conserving pseudopotential with op-
timized kinetic energy cut-off of 110 Ry for Nb3X (X =
Ge, Sb, Sn) and 70 Ry Ta3Y (Y = Bi, As, Sb). A uniform
Monkhorst-Pack grid of 20 × 20 × 20 was used in all the cal-
culations, which corresponds to 1342 special k-points in the
irreducible Brillouin zone. In phonons of Nb3Sn, we observed
a numerical artifact at high symmetry point � with PBE
pseudopotential, hence made additional calculations using
local-density approximation with Perdew-Wang 91 gradient-
corrected functional only for this system [57]. The optimized
kinetic energy cut-off of 70 Ry was used for this purpose.

The dynamical calculations pertaining to vibrational prop-
erties have been performed within the density functional
perturbation theory [58] wherein the dynamical matrices were
sampled within the irreducible Brillouin zone using a q-mesh
of at least 3 × 3 × 3. The Migdal-Eliashberg spectral func-
tions were calculated using Eq. (B1) presented below [58],

α2F (ω) = 1

2πN (EF )

∑
qv

γqv

ωqv

δ(ω − ωqv ) (B1)
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FIG. 13. Local density of states of (a) Nb3Ge, (b) Nb3Sn, and
(c) Nb3Sb. The Fermi level is set to zero in all panels.

where γqv is phonon linewidth and ωqv is the phonon
eigenfrequency. Integrating these spectral functions over the
frequencies as presented in Eq. (B2), we obtain the electron-
phonon coupling coefficient λ(ω),

λ(ω) = 2
∫ ∞

0

α2F (ω)

ω
dω (B2)

Following this, the superconducting critical temperature
(Tc) was calculated using Allen-Dynes modification of the
McMillan formula [59] presented in Eq. (B3) where μ∗ is
effective Coulomb repulsion parameter ωln is weighted log-
arithmic average phonon frequencies,

Tc = ωlog

1.2
exp

(
− 1.04(1 + λ)

λ − μ∗(1 + 0.62λ)

)
(B3)

To compute the topological surface states, the Z2 topo-
logical invariants and spin Hall conductivity, we used the
Wannier90 [60] and WannierTools codes [61]. The basis of the
tight-binding model was composed of the Wannier functions
[62] obtained from the d orbitals of Nb or Ta and the p orbitals
of the other atoms. The atomic orbital configuration is s2d3

for Nb and Ta, but it becomes d5 in crystals, therefore Ta
and Nb have half-filled d orbitals. The tight-binding model
is composed of 60 d bands and 12 p bands for a total of 72
bands. The topological gap is observed at half-filling. Of these
36 occupied bands, six are mainly p bands and 30 are mainly
d bands. The momentum mesh used for calculating spin
Hall conductivity σ

spinz
xy (ω) was 200 × 200 × 200. This was

done using the Kubo-Greenwood formula as implemented in
Wannier90 [63,64].

FIG. 14. Phonon dispersion curves of (a) Ta3As, (b) Ta3Sb,
(c) Ta3Bi, and (d) Nb3Sb alongside the corresponding anisotropic
Migdal-Eliashberg spectral functions α2F(ω) and phonon density of
states F(ω).

APPENDIX C: SLAB CALCULATION AND DENSITY OF
STATES OF THE NB-BASED COMPOUNDS USING VASP

For the slab calculations, additional first-principles cal-
culations are performed via the Vienna ab initio simulation
package (VASP) [65,66] using density functional theory.
The generalized gradient approximation with PBE form [56]
and PBEsol [67] is adopted to calculate the lattice param-
eters and the density of states (DOS). An energy cutoff of
350 eV and a mesh of 16 × 16 × 1 k points were chosen
for the different thicknesses of Nb-based compounds. The
calculations were converged with the convergence criteria of
0.01 eV/Å, and energy 10−5 eV. We have constructed sto-
ichiometric slabs of Nb3Sn with Nb2 and NbSn terminations
as shown in Fig. 1(c) and the internal degrees of freedom were
relaxed.

The density of states (DOS) is a relevant quantity to ex-
amine the superconducting properties. We report the DOS
Nb3Ge, Nb3Sn and Nb3Sb in Figs. 13(a)–13(c). From the
DOS, we can see that we have the d orbitals roughly between
–3 eV and +5 eV sandwiched between p-orbitals spectral
weight. In these cases, it is extremely challenging to decou-
ple the d orbitals from the p orbitals due to their strong
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FIG. 15. Surface states of (a) Ta3As, (b) Ta3Sb, and (c) Ta3Bi indicating spin-momentum locked Dirac dispersions at � point submerged
below the s bands. Slab band structures of (d) Ta3As, (e) Ta3Sb, and (f) Ta3Bi with the red bands indicating the contribution from the top
surface layer and the blue bands indicating the contribution from the bottom surface layer of the slab presented in Fig. 1. The legends on the
right in all the panels indicate the spectral weights. The Fermi level is set to zero in all panels.

hybridization as shown for other materials with such p-d
spectral weight [68,69]. To perform the wannierization, we
must include the d orbitals of Nb and the p orbitals of Ge,
Sn, and Sb. The DOS results were obtained within the VASP
code and matched with the results obtained with Quantum
Espresso.

We report the calculation of the equilibrium lattice constant
within PBEsol and PBE. The system is cubic and does not
have internal degrees of freedom, therefore, the only parame-
ter to optimize is the lattice constant a. The lattice constant
results were obtained within the VASP code and matched
with the results obtained with Quantum espresso. The PBE
exchange-correlation functional overestimates the experimen-
tal lattice constant by 1%, indeed the lattice constant for
Nb3Ge, Nb3Sn, and Nb3Sb are 5.188 Å, 5.339 Å, and 5.314 Å,
respectively. The PBEsol gives slightly better results underes-
timating the lattice constant by 0.1% (i.e., lattice constant for
Nb3Ge, Nb3Sn, and Nb3Sb are 5.135 Å, 5.280 Å, and 5.259 Å,
respectively.

APPENDIX D: PHONON DISPERSIONS AND
MIGDAL-ELIASHBERG SPECTRAL FUNCTIONS FOR

Ta3Y (Y = Ge,Sn,Sb) AND Nb3Sb COMPOUNDS

In this Appendix, we report the phonon dispersion curves,
phonon density of states, Migdal-Eliashberg spectral func-
tions and the electron-phonon coupling values for all the
compounds except that for Nb3Ge and Nb3Sn, which are
described in the main text. The results are reported in Fig. 14.
The electron-phonon coupling coefficient λ(ω) for Ta3As,

Ta3Sb, Ta3Bi, and Nb3Sb are 0.56, 0.41, 0.45, and 0.47, re-
spectively. Correspondingly the Tc is slightly higher in Ta3As,
Ta3Bi, and Nb3Sb as compared to Ta3Sb (see the main text
for the numerical values), this is essentially due to the density
of states at the Fermi level in the electronic structure. Al-
though, Ta3Sb shows softening of the optical phonon modes,
which implies that the Tc should be as high as Ta3Bi and
Nb3Sb; however, the density of states at the Fermi level in the
electronic structure dominates the superconducting behavior
leading to lower Tc.

APPENDIX E: HYBRIDIZATION OF THE DIRAC SURFACE
STATES WITH THE S-BANDS FOR TA-BASED SYSTEMS

In this Appendix, we want to include the s band in our
tight-binding model and see the effect on the Dirac sur-
face states. While the results of the main text are obtained
with high numerical accuracy, the process of including the
s band in the tight-binding Hamiltonian is obtained within
strong approximations in the wannierization process (just
including the s band in the frozen window). The presence
of the s band in the Ta-based system affects the Dirac sur-
face states by submerging the Dirac points below them. We
report in Fig. 15 the surface states for the Ta3Y, which in-
clude the s bands. In our calculations, we can observe the
Dirac surface states are pushed below the s bands and the
Dirac surface states are blurred by the hybridization with the
s bands.

The parity of the s band and the parity of the other highest
valence bands are both positive, therefore, we expect that this s
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band would produce an adiabatic transition without affecting
the topology [70,71]. Indeed, in the literature, it was shown

that the Dirac surface states of Ta3Sb can coexist with the s
bands [35].
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