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Emerging Weyl Semimetal States in Ternary TaPxAs1−x
Alloys: Insights from Electronic and Topological Analysis

Samira Sadat Nourizadeh, Aminollah Vaez,* and Daryoosh Vashaee*

This study presents a thorough analysis of the electronic structures of the
TaPxAs1−x series of compounds, which are of significant interest due to their
potential as topological materials. Using a combination of first principles and
Wannier-based tight-binding methods, this study investigates both the bulk
and surface electronic structures of the compounds for varying compositions
(x = 0, 0.25, 0.50, 0.75, 1), with a focus on their topological properties. By
using chirality analysis, (111) surface electronic structure analysis, and surface
Fermi arcs analysis, it is established that the TaPxAs1−x compounds exhibit
topologically nontrivial behavior, characterized as Weyl semimetals (WSMs).
The effect of spin–orbit coupling (SOC) on the topological properties of the
compounds is further studied. In the absence of SOC, the compounds exhibit
linearly dispersive fourfold degenerate points in the first Brillouin zone (FBZ)
resembling Dirac semimetals. However, the introduction of SOC induces a
phase transition to WSM states, with the number and position of Weyl points
(WPs) varying depending on the composition of the alloy. For example, TaP
has 12 WPs in the FBZ. The findings provide novel insights into the electronic
properties of TaPxAs1−x compounds and their potential implications for the
development of topological materials for various technological applications.
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1. Introduction

Nontrivial topological states have attracted a
great deal of attention in condensed matter
physics due to their unique and exotic prop-
erties. One such state is the topologicalWeyl
semimetal (WSM), which hosts fermionic
quasiparticles in the bulk and anomalous
gapless states at the boundary.[1,2] InWSMs,
the valence and conduction bands touch
each other at the twofold degenerate Weyl
points (WPs) with linear dispersion.[1] It is
well known that WPs may only arise if a
material breaks either inversion symmetry
(IS) or time-reversal symmetry (TRS). In
a system with TRS and IS breaking, WPs
at a k⃗ point must have a partner at a −k⃗
point with the same chirality, so the mini-
mum nonzero number of WPs is four.[3–5]

These systems normally appear in alloys
with strong spin–orbit coupling (SOC) and
non-centrosymmetric properties. In a sys-
temwith IS and TRS breaking, theminimal
number of WPs is two. These systems typ-
ically appear in alloys containing magnetic

elements. The topology of the WPs can be verified through the
Berry curvature,[6] which shows wave function entanglement
between the valence and conduction bands. A WP acts as a
monopole of the Berry curvature with fixed chirality and be-
haves as a source (sink) with positive (negative) chirality. A conse-
quence of themonopole trait of theWPs is the existence of Fermi
arcs. The exotic Fermi arc surface states form open curves in k-
space, ending at the projection of the WPs on the surfaces.[7–9]

The total chirality of the WPs must be zero; thus, each pair
of WPs must have opposite chirality.[6,10,11] These unusual fea-
tures of WSMs lead to novel phenomena and potential applica-
tions such as unconventional quantum oscillations in magneto-
transport,[14] negative magnetoresistance under parallel electric
and magnetic fields,[15] and unusual quantum interference ef-
fects in tunneling spectroscopies.[12,13]

The discovery of Weyl fermions in the quantum field the-
ory has long been known, but the experimental evidence was
not established until their observation in TaAs and its isoelec-
tronic counterparts.[21,22] The topology of WSMs is characterized
by the presence of WPs where the valence and the conduction
bands touch each other at twofold degenerate points with lin-
ear dispersion.[1] In nonmagnetic materials such as TaAs, TaP,
NbAs, and NbP, band inversion in the mirror-invariant planes
leads to gapless nodal rings in the energy–momentumdispersion
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in the absence of the SOC.[23] However, in the presence of the
SOC, gaps open in the mirror planes, leading to WPs off the mir-
ror planes.[23–25] The TaAs compound hosts 24 WPs distributed
throughout the first Brillouin zone (FBZ),[16,21,26] and their Weyl
cones in the bulk and Fermi arcs on the surface were identified
using first-principles calculations and angle-resolved photoemis-
sion spectroscopy (ARPES) data.[21,23]

Other WSMs have been predicted using the same ap-
proach as TaAs, including the orthorhombic MoTe2,

[27]

Hg1−x−yCdxMnyTe,
[28] SrSi2,

[29] LaAlGe,[30] the hexagonal or
Heusler structures of NaAuTe,[31] and HfIrX (X = As, Sb, Bi).[32]

Some of theseWSMs were confirmed experimentally with Fermi
arc observations,[8,21,24,33–35] while others were confirmed only
based on first-principles calculations.[36]

Alloying is a well-established method for manipulating the
structure and electronic or topological properties of amaterial. In
this study, we investigate the TaPxAs1−x (x = 0, 0.25, 0.50, 0.75,
1) series of compounds with enantiomorphic chiral space group
P1 (NO.1) by combining first-principles and Wannier-based TB
methods. Our study provides new insights into the electronic and
topological properties of these alloys, including chirality analysis,
(111) surface electronic structure, and surface Fermi arcs analy-
sis. Our results demonstrate the potential of these compounds
to serve as novel topological materials with various technological
applications.
In Section 2, we present our methodology, which combines

first-principles andWannier-based TBmethods.We then proceed
to describe the structural and electronic properties of the alloys
with and without SOC considerations in Section 3.1, followed by
the topological properties of the alloys in Section 3.2. Finally, we
present our conclusions and results in Section 4.

2. Methodology

The primary calculations are performed in the density functional
theory (DFT)[37] with the full-potential linearized augmented
plane wave (LAPW) using the Wien2k package.[38] The topologi-
cal characters in bulk and the surface are investigated using the
Wannier90 package based on the Maximally Localized Wannier
Functions (MLWFs)[39] and using theWannierTools package.[40]

The structural and electronic properties are calculated using
the Wien2k package based on the generalized gradient approxi-
mation (GGA) in the Perdew–Burke–Ernzerhof (PBE) exchange-
correlation functional.[41] The energy convergence criterion for
the self-consistent calculations is set to 10−5 eV, and the mag-
nitude of the largest force acting on the atoms to less than 0.1
(eV Å−1). The plane wave expanded cutoff of the wave function is
set to Kmax =

9.50
RMT

(a.u.)−1 in the interstitial region, in which RMT

represents the smallest atomic muffin-tin radius (RMT) for each
alloy. The value of the RMT for different atoms in each alloy is pre-
sented in Table 1. The cutoff vector for the Fourier expansion of
the charge density and the potential function is chosen as Gmax
= 13.0(Ry)1/2. A 6 × 6 × 2 k-mesh is used to sample the FBZ for
all alloys. All the electronic structure calculations are calculated
in the present and the absence of the SOC for comparison.
We generate the atomic-like Wannier functions for Ta-5d, As-

4p, and P-4p orbitals to calculate the topological states using the
Wannier90 package. The Wannier90 package uses the Wien2k

Table 1. Lattice constants, minimum atomic muffin-tin radius (RMT), total
energy (Et), and formation energy (Ef) of TaPxAs1−x (x= 0, 0.25, 0.50, 0.75,
1) alloys.

Alloy a [Ȧ] c [Ȧ] RMT [Å] Et [eV] Ef [eV]

TaAs 4.837 12.095 Ta = 2.37
As = 2.25

−286 196.061 −0.057

TaP0.25As0.75 4.800 11.986 Ta = 2.35
As = 2.23
P = 2.00

−278 520.176 −0.007

TaP0.5As0.5 4.754 11.918 Ta = 2.37
As = 2.25
P = 2.02

−270 844.292 −0.013

TaP0.75As0.25 4.709 11.832 Ta = 2.39
As = 2.12
P = 2.05

−263 168.425 −0.002

TaP 4.675 11.767 Ta = 2.50
P = 1.98

−255 492.552 −0.199

output data of the wave functions to generate the tight-binding
(TB) Hamiltonian. The band structure of the alloys, with the gen-
erated TB Hamiltonian, is fitted with the band structures ob-
tained by the Wien2k package. The alloys with the P1 (No. 1)
space group do not have IS. To investigate the topological prop-
erties and predict the existence of the WSM in the alloys, we can-
not use the usual parity conditions and symmetry properties;[24]

hence, we use the WannierTools package to calculate the topo-
logical properties. WannierTools is based on the MLWFs TB
model. Another software, like the Wannier90, usually generates
the TBHamiltonian. TheWannierTools can classify the topolog-
ical phases by calculating the Wilson loop.[42] It also can search
and identify the exact positions of the WPs in the FBZ. This code
calculates the Berry phase around a closed momentum loop and
the chirality of nodal points in the FBZ. It also produces the sur-
face state spectrum, including the surface projected band struc-
ture, based on the iterative Greens function method.[43,44]

3. Result and Discussion

3.1. Structural and Electronic Properties

The TaPxAs1−x alloys are characterized by a triclinic Bravais lat-
tice with an enantiomorphic space group P1 (No. 1). To construct
these alloys, a 2 × 2 × 2 supercell of TaAs compound is used, with
As atoms substituted by P atoms in appropriate amounts for each
x%. It is worth noting that there are multiple possible positions
for the substitution of P atoms in the supercell. To determine
the optimal positions for different compositions of x = 0, 0.25,
0.5, 0.75, and 1, we used two criteria: symmetry of the supercell
and energy minimization. For instance, using these criteria for
the x = 0.25%, As atoms in the (0.70, 0.70, 0.41) and (0.08, 0.58,
0.66) positions are replaced by P atoms (as shown by green cir-
cles in Figure 1b). Figure 1a–c illustrates the 2 × 2 × 2 supercell
of TaAs, it is corresponding primitive cell, and it is FBZwith high
symmetry paths, respectively.
All electronic calculations were done after fitting the energy–

volume curves by the Brich–Murnaghan equation of state
(EOS),[45] which is an accurate EOS to obtain the optimized
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Figure 1. a) Conventional unit cell of the 2 × 2 × 2 TaPxAs1−x supercell, b) triclinic primitive unit cell of TaPxAs1−x with As atoms substituted by P atoms
for the x = 0.25 composition, represented by green circles, and c) FBZ of TaPxAs1−x with high symmetry k-point paths for band structure calculations.
The green rectangular plane corresponds to the (111) surface.

parameters, like the lattice parameters. The calculated equilib-
rium lattice parameters are presented in Table 1.
The formation energy (Ef) of all alloys has been calculated to

study their stability. The Ef of the TaPxAs1−x (x = 0.25, 0.50, 0.75)
is defined by Equation (1)

Ef
(
TaPxAs1−x

)
= Et

(
TaPxAs1−x

)
− xEt (TaP)

− (1 − x)Et (TaAs) (1)

where Et(TaPxAs1−x), Et(TaP), and Et(TaAs) are the ground-state
total energy of the TaPxAs1−x, TaP, and TaAs, respectively (Ta-
ble 1). The Ef of TaP(As) is calculated by Equation (2)

Ef (TaP (As)) = Et (TaP (As)) −
Et (Ta)

n
−
Et (P (As))

n
(2)

where Et (Ta) and Et (P(As)) are the ground-state energy of Ta or
P(As), respectively, and n is the number of Ta or P(As) atoms in
the primitive cells of TaP(As) (Figure 1b). The calculated Ef of the
TaPxAs1−x alloys for different values of x are presented in Table 1.
It is seen that the Ef is negative for all alloys, indicating that

they are thermodynamically stable. Furthermore, TaP is the most
stable structure among all the alloys. The electronic band struc-
ture and the density of states (DOS) calculations are essential be-
cause most of the physical properties of materials are related to
them.Hence, the band structure of the alloys along different high
symmetry paths (Z-S-S1-Γ-Z-N-Γ) in the FBZ and the DOS with-
out (with) SOC were calculated as shown in Figure 2 (Figure 3).
To investigate the effect of x on the electronic properties of the
alloys, we also calculated the total and atomic DOS for different
x values without (with) SOC as shown in Figure 2 (Figure 3). The
results of atomic DOS in both Figures 2 and 3 reveal that the
valence and the conduction bands near the Fermi level are dom-
inated by the 5d orbital of Ta atoms (d-Ta).
Without the SOC consideration, as illustrated in Figure 2, the

valence and conduction bands overlap in the Z-S-S1-Γ path, while
they are fully gapped in the Γ-Z-N-Γ path. For example, for the
case of x = 0.25, Figure 2b clearly shows the overlapped valence

and conduction bands in the Z-S-S1-Γ path, indicated by the yel-
low box. Furthermore, band inversion is observed in all alloys, as
indicated by the crossing of four bands near the Fermi level along
the Z-S-S1-Γ path. This inversion is confirmed by the lower en-
ergy of the dz2 orbital compared to the dxz and dyz orbitals, con-
trary to the usual order of the d orbitals. Figure 2f shows the d
orbital order for TaP, with the inverted bands along the S-S1 path.
Notably, each crossing point of the conduction and valence bands
in the Z-S-S1-Γ path has a fourfold degeneracy composed of dz2
and dx2−y2 orbitals and dxz and dyz orbitals, and displays linear en-
ergy dispersion in their vicinity.
Figure 3 shows the effect of SOC on the electronic structure

of the TaPxAs1−x alloys. In this case, all crossing points along the
Z-S-S1-Γ path are found to be gapped, for all alloys. This is unlike
the case without the SOC, where crossing points are not gapped.
For instance, Figure 3b displays the gapped valence and conduc-
tion bands in the Z-S-S1-Γ path for x = 0.25. The bandgaps along
the Z-S-S1-Γ path have minimum values of 26, 30, 26, 35, and 37
meV for x = 0, x = 0.25, x = 0.50, x = 0.75, and x = 1.0, respec-
tively. Notably, the bandgaps increase with increasing x, except
for the x = 0.50 alloy.

3.2. Topological Properties

Without considering the SOC, the nontrivial topological proper-
ties of alloys are indicated by the band inversion and the four-fold
degenerate crossing points. These alloys exhibit a double-WSM
state with fourfold degenerate crossing points along the Z-S-S1-
Γ. Although these degeneracies resemble Dirac points, they are
not protected by point group symmetry and are lifted by SOC.
Therefore, they are considered accidental degeneracies, and the
materials are not considered DSMs. The topological features of
alloys without SOC consideration are similar, but there are dif-
ferences in the numbers and positions of the fourfold degen-
erate points in the first Brillouin zone. The positions of these
points are even functions of k⃗ due to time-reversal symmetry,
with each point having a partner in −k⃗ in the first Brillouin zone.
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Figure 2. Band structures and density of states for the TaPxAs1−x compounds without considering the SOC. a) Band structure for TaAs, b) band structure
for TaP0.25As0.75 with overlapped valence and conduction bands along the Z-S-S1-Γ path, as highlighted in the yellow box, c) band structure for TaP0.5As0.5,
d) band structure for TaP0.75As0.25, and e) band structure for TaP. f) Band structure of TaP from −1.0 to 1.0 eV, demonstrating the inverted d orbital order
between the dz2 and the dxz/dyz orbitals along the S-S1 path highlighted in the red box, confirming the band inversion in the alloy.

Adv. Quantum Technol. 2023, 6, 2300072 2300072 (4 of 9) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 3. Band structure and density of states for the TaPxAs1−x alloys with SOC consideration, including a) TaAs, b) TaP0.25As0.75, where the valence
and conduction bands are gapped in the Z-S-S1-Γ path (shown in yellow box), c) TaP0.5As0.5, d) TaP0.75As0.25, and e) TaP.

Adv. Quantum Technol. 2023, 6, 2300072 2300072 (5 of 9) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 4. The band structure of TaP is shown in a 3D plot, highlighting the crossing points between the lowest valence band and the highest conduction
band. a) The structure without SOC, and b) the structure with SOC consideration.

Calculations show six pairs of points for x= 0, seven pairs for x=
0.25, five pairs for x = 0.50, six pairs for x = 0.75, and four pairs
for x = 1.0. In the presence of SOC, it is expected that the alloys
will exhibit a different topological phase, with bandgaps opening
at all the crossing points. However, searching for zero bandgaps
in the presence of SOC, we found multiple zero-gap points with
linear dispersion near the Fermi level in the first Brillouin zone.
All zero gap points are twofold degenerate, which suggests the
presence ofWeyl points. Figure 4a displays the points and the cor-
responding cones of the TaP compound in the 3D plot of the low-
est valence band and the highest conduction band near the Fermi
level. The degenerate points for all alloys are near the Fermi level.
The inclusion of SOC is expected to result in a different topo-

logical phase for the alloys. The bandgaps of all alloys open at
the crossing points, as depicted in Figure 4. Nevertheless, in our
quest for zero bandgaps under the presence of SOC, we identified
several zero-gap points with linear dispersion close to the Fermi
level in the FBZ. These zero gap points are twofold degenerate,
which suggests that they could be Weyl points.
Incorporating SOC effects into our calculations revealed that

the previously fourfold degenerate points in the non-SOC cases
are either gapped or split into two WPs, depending on the com-
position of the alloy. The number and positions of theWPs varied
across the alloys. For instance, TaP compound had 12WPs in the
FBZ, with six at kz = 0, two at kz =+0.2, and two at kz =−0.2, one
at kz = +0.4, and one at kz = −0.4, with energy levels at E = 0.0
meV and E = 5 meV. The chirality of each WP was calculated us-
ing the WannierTools package, and all WPs were found to have
a chirality of either +1 or −1, acting as the positive and nega-
tive magnetic monopoles, respectively, in the momentum space.
Hence, all the alloys can be classified as WSMs with multiple
WPs throughout the FBZ. The positions of the WPs were even
functions of k⃗ due to the TRS and IS breaking. Thus, each WP
had a partner in −k⃗ in the FBZ. Most WPs were closely spaced
in the momentum space, and any perturbation could cause their
movement and crossing, leading to their annihilation.
According to the bulk-edge correspondence, the presence of

WPs induces topologically protected surface states, known as
Fermi arcs.[11] The Fermi arcs originate and terminate at the pro-
jection of two or moreWPs with different chirality on the surface

of the FBZ. Currently, there are four distinct signatures for topo-
logical Fermi arcs.[46] The first signature is a Fermi arc where a
surface state of constant energy contour makes an open curve
that starts and ends at the projection of the WPs. The second sig-
nature is when multiple WPs project onto the same point, giving
rise to a kink in the constant energy contour, which can only arise
from the attachment of two Fermi arcs. The other two signatures
are an odd set of closed contours and an even number of contours
without kinks.
To probe the existence of the topological surface states of the

TaPxAs1−x alloys, the surface projected band structure of the FBZ
and the surface state spectrum on the (111) surface were calcu-
lated and inspected, as shown in Figure 5a–c for the TaP com-
pound. The surface projected band structure on the (111) surface
shows that the crossing points along the z̄-ȳ and x̄-Γ̄ paths are the
WPs at the energy of 0.0 eV, while for the energy of 0.05 eV, only
the crossing points along the z̄-ȳ path are the WPs. The Fermi
arcs connect the projection of these WPs with opposite chirality
on the (111) surface, as depicted in Figure 5b, c. The surface state
spectrum on the (111) surface is calculated for the energies of E
= 0.0 and 0.05 eV, which correspond to the energies of the inves-
tigated WPs in TaP (Figure 5a). These results provide strong evi-
dence for the existence of topological Fermi arcs in the TaPxAs1−x
alloys, supporting their topological nature as WSMs. The calcu-
lated positions of the 12 WPs in the TaP compound is shown in
Figure 5d, and the table in Figure 5e shows the number of WPs
for various TaPxAs1−x compounds. The highest number of WPs
was found in TaP0.5As0.5 with 40 WPs, followed by TaP0.25As0.75
with 34 WPs, TaAs with 24 WPs, TaP0.75As0.25 with 20 WPs, and
TaP with 12 WPs. The findings from the presented table demon-
strate that the number ofWeyl points in TaPxAs1−x alloys can vary
significantly depending on the alloy composition. These results
emphasize the crucial role of considering the alloy composition
when searching for Weyl semimetals.

4. Conclusion

In conclusion, we have presented a detailed investigation of the
structural, electronic, and topological properties of the TaPxAs1−x
(x = 0, 0.25, 0.50, 0.75, 1) alloys by combining first-principles

Adv. Quantum Technol. 2023, 6, 2300072 2300072 (6 of 9) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 5. The topological properties of TaP compound. a) The surface state band structure of TaP on the (111) surface is plotted along the high symmetry

k⃗ path. The energy values of 0.0 and 0.05 eV are shown with solid lines. The surface state spectrum of TaP on the (111) surface is shown for the energies of
b) 0.0 eV and c) 0.05 eV with SOC consideration. The Fermi arcs, connecting the WPs of opposite chirality, are displayed in (b) and (c) with a zoomed-in
view. d) The distribution of WPs in the FBZ reveals 12 with small separations. e) The number of WPs in each alloy.

calculations, using the Wien2k package, and TB calculations,
using the WannierTools package. Our calculations reveal that
the alloys possess multi-band crossings near the Fermi level due
to band inversion, resembling DSMs when the SOC is neglected.
However, the SOC consideration leads to the lifting of these de-
generacies, and the alloys undergo a WSM phase with multiple
WPs distributed throughout the FBZ. The calculated chirality of
the WPs in all alloys is +1/−1, acting like the positive and neg-
ative magnetic monopoles in momentum space. Furthermore,
the surface state spectrum presents Fermi arcs starting and
ending on the projection of the WPs on the (111) surface. These
results demonstrate the potential of the TaPxAs1−x alloys to

serve as novel topological materials with applications in various
fields such as spintronic and quantum computing. Our findings
may also pave the way for further exploration and design of
topological semimetals hosting fermionic quasiparticles.

Appendix
Weyl points (WPs) in the first Brillouin zone (FBZ) of TaPxAs1−x alloys are
calculated and demonstrated in Figure A1. It can be seen that TaAs has
24 WPs, TaP0.25As0.75 34, TaP0.5As0.5 40, and TaP0.75As0.25 20 in the FBZ.
Among these compositions, TaP0.5As0.5 has the largest, and TaP0.75As0.25
has the smallest number of WPs. Most WPs have slight separations mak-
ing closely coupled pairs.

Adv. Quantum Technol. 2023, 6, 2300072 2300072 (7 of 9) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure A1. WPs in the FBZ of TaPxAs1−x alloys are shown. There are a) 24 pairs of WPs in TaAs, b) 34 in TaP0.25As0.75, c) 40 in TaP0.5As0.5, and d) 20 in
TaP0.75As0.25.
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