Weyl semimetal phases and intrinsic spin-Hall conductivity in SbAs ordered alloys
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Using density functional theory calculations we investigated possible Weyl semimetal (WSM)
phases in antimony arsenide ordered alloys Sbi—_zAs, (z = 0,1/6,1/3,1/2,2/3,5/6,1). We find
WSM phases for all As compositions of Sbi_,As, with broken inversion symmetry, in contrast to
Bi1—»Sb, where only compositions z = 1/2 and 5/6 were predicted to exhibit WSM phases. The
WSM phases in Sby_,As, are characterized by the presence of 12 Weyl points, located within 55
meV from the Fermi level in the case of z=1/2. The robust spin-orbit coupling strength and Berry
curvature in these alloys produce large spin-Hall conductivity in the range of 176-602 (%/e)(S/cm),
comparable to that in the BiSb alloys. Finally, Sbo.5Aso.5 is predicted to be almost lattice-matched
to GaAs(111), with the Fermi level within the gap of the semiconductor, facilitating growth and
characterization, and thus, offering promising integration with conventional semiconductors.

I. INTRODUCTION

Weyl semimetals (WSMs) have attracted significant in-
terest in condensed matter physics due to their unique
electronic and magnetic properties, characterized by lin-
ear band dispersions near Weyl points where conduc-
tion and valence bands intersect.!* These materials ex-
hibit exotic phenomena such as chiral anomaly observed
via negative magnetoresistance, unusual surface states
(Fermi arcs), and high charge carrier mobility,?5 18
making them promising candidates for future quan-
tum electronic and spintronic devices. WSM phase
is expected to exist in materials with broken time-
reversal symmetry, broken inversion-symmetry, or both.
Many WSMs have been predicted by density functional
theory calculations®'? 26 and later verified experimen-
tally through angle-resolved photoemission spectroscopy
(ARPES) and scanning tunneling microscopy (STM).
Most of the studies were carried out in materials lack-
ing inversion center.!%:27-30

Alloying allows for breaking inversion symmetry, open-
ing an avenue for the realization of Weyl semimetal
phases in topological materials. For instance, Bi;_,Sb,
was one of the first experimentally identified 3D topolog-
ical semiconducting alloys using ARPES.3'33 A transi-
tion from topologically trivial to non-trivial phase occurs
at the concentration of x = 0.04, turning Bi;_,Sb, al-
loys into topological semimetal with an inverted band
gap. Violation of Ohm’s law and chiral anomaly-
induced negative magnetoresistance were observed re-
cently in the transport measurements as signatures of
WSM phase in Bij_;Sb,.3* 3¢ Su et al.2*investigated
Weyl semimetal phases in Bi;_,Sb, (x =0.17, 0.33,
0.5, 0.67, 0.83) ordered alloys exploring combinations
of atomic composition and arrangement using first-
principles calculations.?* A Weyl semimetal phase was
found for Sb concentrations x = 0.5 and x = 0.83, indi-
cating that chemical composition and specific atom ar-
rangements are key to the existence of the topological

FIG. 1. Layered hexagonal crystal structure of (a) Sb and (b)
As using the conventional unit cell with 6 atoms, R3m space
group, (c) Sbo.sAsg.s ordered alloy with R3m space group,
and (d) correspondingly the 3D Brillouin zone of the hexag-
onal cell and the projected 2D Brillouin zone of the (0001)
surface Brillouin zone showing the high symmetry points and
directions. The location of the Weyl points with positive chi-
rality (red) and negative chirality (blue) are also illustrated.

phase.

Inspired by the successful identification and charac-
terization of topological properties in BiSb alloys, here
we investigate SbAs ordered alloys as possible Weyl
semimetals. Similar to BiSb, Sb;_,As, alloys offer an
adjustable electronic structure that can potentially host
Weyl points under specific conditions. Furthermore,
SbAs alloys, with their closely related electronic prop-
erties to BiSb, present a new avenue for exploring Weyl
semimetal behavior in, perhaps, a more versatile compo-
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FIG. 2. Electronic band structure and Wannier charge centers (WCC)/Wilson loop on k.=0 and k.= planes for (a) Sb, (b)
As and, (c) Sbo.5Aso.5 ordered alloy. The evolution of the Wannier charge center/Wilson loop crosses the red dashed line an
even number of times on K,=0 plane and an odd number of times on K,=7 plane in (a), whereas in (b) and it crosses the
red dashed line an even number of times on k,=0 and K.== plane. The red dashed line in (c) crosses the Wannier charge
center/Wilson loop an even number of times on k.=0 plane and an odd number of times on k.== plane.

sition range. Despite replacing Bi with As could lead to
weaker spin-orbit coupling, stronger bonding and shorter
bond lengths in SbAs alloys are possibly translated into
higher stability with respect to BiSb and, thus, facili-
tate synthesis and characterization. Furthermore, the
integration of these alloys with conventional ITI-V semi-
conductors, like GaAs, InAs, and InSb, opens up ex-
citing possibilities for novel device architectures. III-V

semiconductors are the backbone of modern optoelec-
tronics, high-speed electronics, and photonics. There-
fore, combining the topologically protected states of Weyl
semimetals with the well-established properties of III-V
compounds could lead to the development of hybrid de-
vices with enhanced functionalities, such as topological
transistors and low-dissipation electronics.

This paper aims to explore the potential of SbAs al-



loys as Weyl semimetals and their integration prospects
with conventional III-V semiconductor materials by fo-
cusing on their lattice match and band alignments. By
leveraging insights gained from BiSb alloys, we investi-
gate the conditions (chemical composition and ordering)
for SbAs to display WSM phases, seeking to advance
the understanding of topological semimetals and their
potential technological applications and integration into
semiconductor-based platforms.

II. COMPUTATIONAL APPROACH

Density functional theory (DFT)373® calculations as
implemented in the VASP code3® were employed to in-
vestigate the structural and electronic properties of se-
lected ordered structures representing Sby_,As, alloys.
The interactions between the valence electrons and ions
were treated using the projector augmented-wave (PAW)
method,*® which include five valence electrons for Sb
(5s%5p3) and As (4s%4p3). We used the generalized gra-
dient approximation (GGA) including van der Waals
interactions*! for determining equilibrium structures and
the electronic structures. Plane-wave basis set with a
cutoff of 300 eV and a 13x13x5 I'-centered k-mesh for
the integration over the Brillouin zone of the 6-atom
hexagonal cell were used in all calculations. For conver-
gence of the electronic self-consistent calculations, the
total energy difference criterion was set to 1078 eV,
and atomic positions were relaxed until the Hellmann-
Feynman forces were less than 10~* eV/A. The effects
of spin-orbit coupling (SOC) were included in all elec-
tronic band structure calculations. To analyze the topo-
logical properties of Sby_,As, alloys, we projected the
Bloch wave functions into maximally localized Wannier
functions (MLWFs). The tight-binding Hamiltonian pa-
rameters are determined from MLWFs overlap matrix
obtained using the wannier90 code.*?> Wannier Tools is
used to determine the Berry curvature, Fermi arc, Weyl
points, and the chirality of the Weyl points.*®> The in-
trinsic spin Hall conductivity is calculated using the wan-
nier90 code,*? and the mcsqs code from the Alloy The-
oretic Automated Toolkit (ATAT) was used to gener-
ate special quasirandom structures (SQS) for simulating
the Sbg s5Asg5 random alloys containing 48 atoms su-
percell. This method uses an annealing loop with an
objective function simulated in Monte Carlo that looks
for perfectly matched correlation functions in order to
generate periodic supercells that mimic real disordered
structures. 44

III. RESULTS AND DISCUSSION

Both antimony (Sb) and arsenic (As) crystallize in
the rhombohedral A7 crystal structure with space group

R3m, composed of two interpenetrating and diagonally
distorted face-centered cubic (FCC) lattices. Sb (As)

atoms are stacked along the (111) direction containing
two atoms per primitive cell. It can also be described
as a hexagonal unit cell with 6 atoms forming three bi-
layers that are weakly bonded by van der Waals interac-
tion as shown in Fig. 1(a,b). The Brillouin zone of the
hexagonal unit cell and high symmetry points are shown
in Fig. 1(d). The calculated lattice parameters for Sb
(hexagonal unit cell) are a = 4.362A and ¢ = 11.210A,
compared to the experimental values 4.299 A and 11.251
A% and for As they are a = 3.810A and ¢ = 10.356A,
compared to experimental values 3.760 A and 10.441
A .47 Sb and As exhibit similar electronic band structures
as shown in Fig. 2(a,b). However, due to the different
strengths in spin-orbit coupling (SOC), Sb and As have
different band ordering and, therefore, different Zs topo-
logical invariants as shown on the right in Fig. 2(a,b).
We find Zo=1 for Sb and Z>=0 for As, characterizing Sb
as a non-trivial topological semimetal and As a trivial
semimetal.

For a direct comparison of the electronic band struc-
ture of the Shy_, As, alloys with that of bulk Sb and As,
we limited the scope of the present study by considering
only ordered structures that can be described using the
six-atoms hexagonal unit cell, varying the concentration
in the range =0, 1/6, 1/3, 1/2,2/3,5/6 and 1. For each
concentration, we consider all possible atomic arrange-
ments, shown in Fig. S1 in the Supplemental Material.

The calculated mixing enthalpy AHy, defined as the
difference between the total energy of the alloy and the
weighted sum of the total energy of the elemental phases,
shows that only the structure with x = 0.5 shown in
Fig. 1(c) has a negative value (AHy = —9 meV /atom),
indicating stability at T=0. This structure consists of an
alternating arrangement of Sb and As monatomic layers
along the c axis.*® The two other possible structures for
x = 0.5, shown in Fig. S1(c)-(ILIII) have AH; = 31
meV/atom and AH; = 40 meV/atom, respectively. The
structure in Fig. S1(c)-II consists of two monatomic Sb
and As layers followed by an alternating monatomic Sb
and As layer along the ¢ direction, and Fig. S1(c)-III con-
sists of an alternating arrangement of three monatomic
Sb and three As layers along c¢. Using a supercell con-
taining 48 atoms (2x2x2 repetition of the hexagonal 6-
atoms cell), we used a special quasi-random structure®*
to simulate a random alloy (Fig.S2 in the Supplemen-
tal Material,*® and found that the ordered structure in
Fig. 1(c) is lower in energy than the random structure by
38 meV/atom. Thus, the calculated AH; for all compo-
sition x indicate that Sby_, As, alloys energetically prefer
to order at £=0.5, and that Sb and As prefer to sit in
alternating planes of atoms in each bilayer. This result
is consistent with previous experiments on SbAs single
crystals where the same ordered phase as discussed here
has been observed, as opposed to a random phase.*?

We note that all the ordered Sby_,As, alloys where
inversion symmetry is broken are predicted to be Weyl
semimetals. However, in the following we limit our dis-
cussion to the electronic structure of the lowest energy
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FIG. 3. Electronic bands passing through two Weyl points for
(a) Sbo.sAso.5 ordered alloy, where Er represents the Fermi
energy while Ewp represents the energy of the Weyl points.
(b) Fermi arc on the (0001) plane of Sbo.5Aso.5 ordered alloy
at the energy of the Weyl points Ewp. The red circles indicate
the source of Berry curvature and blue circles indicate the sink
of Berry curvature.
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TABLE 1. Position (in 1/A) of the 12 Weyl points (WPs) in
the first Brillouin zone of the hexagonal unit cell of the lowest
energy Sbo.sAsg.s ordered alloy (structure in Fig. 2(c)). The
chirality of each WP is also indicated.

k1 ko ks Chirality
0.019 0.288 0.400 —1
0.288 0.019 —0.400 1
—0.019 0.308 0.400 1
0.308 —0.019 —0.400 —1
0.019 —0.308 —0.400 1
—0.019 —0.288 —0.400 —1
—0.308 0.019 0.400 —1
—0.288 0.308 —0.400 —1
0.288 —0.308 0.400 —1
—0.288 —0.019 0.400 1
0.308 —0.289 0.400 1
—0.308 0.289 —0.400 1

TABLE II. Comparison of the

different Materials.

Spin Hall conductivities for

1000

500

aimennd Auea

912.0
684.0
456.0
228.0
0.000
-228.0
-456.0
-684.0
-912.0
-1140

Material ~ SHC(h/e)(S/cm) Ref.
SbAs alloys 176-602 present work
Sbo.5As0.5 330 present work
Bi 772-1034 51(Cal.)
Bio.s55bo.15 520 52(Cal.)
BizSes 54-324 53(Cal.)
BixTes 436-812 53(Cal.)
SbaSes 188 -226 ®3(Cal.)
SbyTes 200-308 53(Cal.)

Al 10-36 5455 (Exp.)
Silicon 0.02 56(Exp.)
GaAs 0.02 57:58 (Exp.)
GaAs 0.0009 59(Cal.)
ZnSe 0.01 50(Exp.)

FIG. 4. Berry curvature distribution for Sbg.sAsg.5 ordered
alloys in the k=0 plane.

structure shown in Fig. 1(c). Its electronic band struc-
ture is shown in Fig. 2(c). The spin degeneracy is lifted
for all bands due to the absence of inversion symme-
try. To determine the topological phase, the evolution
of Wannier charge center/Wilson loop is calculated in
the high-symmetry planes k,=0 and k,=n and displayed
on the right in Fig. 2(c). The Zs topological invariant
vy for k,=0 and k,=7 plane is 0 and 1, demonstrating
a topological nontrivial phase of the Sbg 5Asg.5 ordered
alloy.

Although SbgsAsgs is classified as semimetal, the
band structure does not exhibit any band crossing
along the high symmetry lines. We observed a
pair of linear band crossing away from high sym-
metry points at (0.01986,0.28899,0.40084)(1/A) and (-
0.01989,0.30884,0.40072)(1/A) as shown in Fig. 3(a).

The linear band crossing points in this pair are Weyl
cones behaving as source and sink of Berry curva-
ture. Since this structure exhibits C3 rotation and time-
reversal symmetry, there are a total of six pairs of Weyl
points located in the entire Brillouin zone. The location
and chirality of these Weyl points are listed in Table I.
The Weyl points are located only 55 meV above Fermi
level, facilitating their detection through surface sensitive
probes such as ARPES, or bulk transport measurements.
The Weyl points exhibit a linear touching in the pro-
jected bulk states, and the Fermi arcs are curved, which
is a signature of type-I Weyl semimetal.2!+?°

The presence of Fermi arc is an important character-
istic of Weyl semimetals.? 461:62 The Fermi arc on the
(0001) plane of the SbgsAsgs ordered alloy at Weyl
points energy is shown in Fig. 3(b), located at 55 meV
above the Fermi energy. The positive and negative chi-
rality of the pairs of Weyl points are indicated and cor-
respond to the source (red) and sink (blue) of Berry cur-
vature. As evident from the Fermi arc plot, there are a
total of 12 points located in the first Brillouin zone of the
hexagonal unit cell. The calculated energies of the Weyl
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FIG. 5. Calculated intrinsic spin-Hall conductivity (DC) as a
function of energy, taking the Fermi level Er as reference, for
the Sbo.5Aso.5 ordered alloy.

TABLE III. Calculated energies of Weyl points along with
their composition in SbAs alloys.

Compositions Energy of the Weyl points Ewp(eV)
Sbo.g3Aso.17 -0.190
Sbo.67As0.33 -0.090
Sbo.5Aso0.5 0.055
Sbo.33As0.67 -0.020
Sbo.s3As0.17 -0.116

points along with compositions are listed in Table III.
The Berry curvature distribution is calculated using
the Kubo formula®® given by

I k|0 |mk)(mk|vg|nk
men [En(k) — Em(F)]
where Q) (k) is the Berry curvature for band n, 04,54 =

%t‘?kli(:,)w is the velocity operator for «, 8,7 = z,¥, z and

|nk) and E, (k) are the eigenvectors and eigenvalues of
the Hamiltonian H(k). We calculated the Berry cur-
vature by taking the summation in Q7 (k) over all the
bands up to the lower band crossing in Fig. 3(a). The
Berry curvature distribution for k,=0 plane is shown in
Fig. 4, where we can see various singularities. The posi-
tive spikes are related to the source of the Berry curva-
ture, whereas the negative spikes are related to the sink of
the Berry curvature. Six pairs of Weyl points are clearly
identified, and their coordinates are listed in Table I.

We also calculated the intrinsic spin-Hall conductivity
(SHC) in the direct current (DC) clean limit using the
Kubo-Greenwood formula,%® given by:
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FIG. 6. (a) In-plane lattice parameter a of Sbi1_;As; alloys
as a function of composition z. In-plane (111) lattice param-
eters of III-V compounds are highlighted (a(111) = a/\ﬂ2),
where a is the cubic lattice parameter of the III-V). (b) Cal-
culated Fermi level of Sbg.5Aso.5 ordered alloy with respect
to the vacuum level and compared with that of conventional
semiconductors from Ref. 63.

where f,p is the Fermi distribution function, BZ indi-
cates the first Brillouin zone, j5* = 1{5.,9,} is the
spin current operator and §, = 2o, is the spin oper-

2
%851]5’“) is the velocity operator. The SHC

for the Sb0,5As0,5y ordered alloy is shown in Fig. 5. The
value of SHC at Fermi energy is 330(%/e)(S/cm). One
can see the SHC changes very sharply around Fermi en-
ergy, indicating that significant temperature dependence
is expected. The SHC of the Sb;_,As, ordered alloys
range from 176-602 (i/e)(S/cm). These values are lower
than that predicted for Bi,®' yet comparable to those
predicted for BiSb alloys, BisTes, BisSez, SboSes, and
SbyTes,52:%3 as listed in Table II.

The SHC at the Fermi level monotonically decreases
with increased arsenic concentration as shown in Fig. S4.
This is due to the weaker spin-orbit coupling strength of
As compared to Sb and Bi. Still, we predict that strong
spin-orbit coupling and Berry curvature in these mate-
rials produce large spin Hall conductivity, which can be
used for the generation of fully spin-polarized current.
The calculated spin Hall conductivities for all other con-

ator, v, =



centrations in SbAs alloys are shown in Fig. S3 in the
Supplemental Material.4®

The in-plane lattice parameters of Sby_,As, ordered
alloys display a linear behavior as function of composi-
tion z, and are compared to the (111) in-plane lattice pa-
rameters of conventional semiconductors as in Fig. 6(a);
values of a and c¢ are listed in Table II in the Supple-
mental Material.*® We also computed the Fermi level of
Sbo.5Asg.5 with respect to the vacuum level and com-
pare that with ionization potential (position of the va-
lence band) and electron affinity (position of the conduc-
tion band) of conventional semiconductors such as GaAs,
AlAs, and Ge from Ref. 63. Due to the polar nature of
the Sbg 5Asg5 along the ¢ direction, we used a slab of
planar hexagonal structure with the same volume per for-
mula unit as that of the ground state of the Sby 5Asg 5 to
determine the average electrostatic potential of the bulk
with respect to the vacuum level. The results are shown
in Fig. 6(b). We find that Sbg 5Asg5, with an in-plane
lattice parameter only 0.6% larger than that of GaAs,
has a Fermi level within the band gap, at 0.2 eV below
the conduction band of GaAs and about 0.4 eV below
the conduction band of AlAs. These results indicate the
possibility of epitaxial growth of Sbg 5Asg.5 on GaAs, Al-
GaAs, or AlAs, with small strains, and depending on
the Al concentration in AlGaAs, the WPs in Sbg 5Asg 5
can be placed near the conduction band in GaAs and
In-poor InGaAs or lower in the gap in Al-rich AlGaAs.
This will allow for tuning of the Schottky barrier between
the semimetal (Sbg5Asgs) and the ITI-V semiconductor
resulting in spin injection through the heterojunction,
offering unique opportunities in designing spintronic de-
vices.

IV. SUMMARY AND CONCLUSIONS

Using first-principles calculations, we investigated the
electronic structure of Sby_,As, ordered alloys, focus-
ing on their non-trivial topology. We find that an or-
dered SbgsAsg.5 is energetically preferable, yet all or-
dered structures are slightly higher in energy and dis-
play Weyl semimetal phases, with 12 Weyl points. The
Weyl points are very close to the Fermi level (~50 meV
above it) so that Sby 5Asg 5 exhibits significant intrinsic
spin-Hall conductivity. We also investigated the possi-
ble integration with conventional semiconductors, find-
ing that SbgsAsg.s is almost lattice matched to GaAs
and AlAs(111) and with the Fermi level and the Weyl
points, within the band gap of the semiconductor, offer-
ing unique opportunities in hybrid quantum devices.
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