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Topological insulator (Tl) is a peculiar phase of matter exhibiting excellent quantum transport properties
with potential applications in lower-power-consuming electronic devices. Searching for inversion-
asymmetric quantum spin Hall (QSH) insulators persists as an effect for realizing new topological
phenomena. Using first-principles density functional theory calculations, we investigate the geometry,
dynamic stability, and electronic structures of monolayer B-BiSb. We find that it presents QSH state
under biaxial tensile strain of 14%. The nontrivial topological situation in the strained system is confirmed
by the identified band inversion, Z, topological invariant (Z, = 1), and an explicit presence of the
topological edge states. Owning to the asymmetric structure, remarkable Rashba spin splitting is
produced in both the valence and conduction bands of the strained system. These results provide an
intriguing platform for applications of monolayer B-BiSb in future alternative quantum Hall spintronic

rsc.li/rsc-advances devices.

1. Introduction

Quantum Hall spintronic devices employ spin instead of charge
as an information carrier, by taking advantage of the spin
polarized electronic energy state in a less because the SOC is too
weak to produce an observable effect under realistic conditions,
as the gap opened by the spin-orbit interaction turns out to be
on the order of 10~ eV.** Subsequently, quite a few compounds
have been found to be 2D TIs, such as the silicene, material.
Topological insulators (TIs) are new states germanene, ZrTes
monolayers, and chemically modified of quantum matter that
have unleashed tremendous interest in fundamental
condensed matter physics and material science.** Two-
dimensional (2D) TIs, also called quantum spin Hall (QSH)
insulators,™® are emerging as a novel state of quantum matter.
Such states are characterized by an insulating bulk, and the
edge can support spin-polarized gapless states with a Dirac-
cone-like linear energy dispersion, thus providing a platform
for potential applications in quantum Hall spintronic devices.
The unique fingerprint of TI materials is their gapless boundary
state, which is spin-locked due to the protection of the time-
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reversal symmetry, namely the propagation direction of
surface electrons is robustly linked to their spin orientation.”?®
As a result, all the scatterings of electrons in the presence of
nonmagnetic impurities in 2D TIs are totally forbidden, leading
to no dissipation transport edge channels.® Furthermore,
Majorana Fermions will appear when the material gets in
contact with a superconductor.’ Besides their fundamental
physical importance Majorana Fermions may play an important
role in topological quantum computation schemes." Graphene
was the first system proposed to be a QSH insulator through the
spin-orbital coupling (SOC) effect.” Unfortunately, this
proposal is practically use-stanene.**"** However, up to now, the
only experimental confirmation of 2D TIs was reported in HgTe/
CdTe and InAs/GaSb/AlSb quantum well systems in an extreme
experimental condition below 10 K.**** Nevertheless, the
experimental activity on the QSH effect in HgTe/CdTe and InAs/
GaSb quantum wells has remained limited by notorious prac-
tical difficulties. Extensive effort has been devoted to search new
QSH insulators.>*** However, desirable materials preferably
with large bulk gaps are still lacking. Therefore, the finding of
new 2D TI materials with large bulk gaps is still intriguing and
important.

To design 2D TIs for practical utilization, there must possess
two essential points of the materials: one is the sizable bulk
band gap, and the other, layered structure with van der Waals'
(VDW) force between layers. The reason is that a large energy
gap in 2D TIs is required to stabilize the boundary current
against the influence of thermally activated bulk carriers, and
layered structure, easy to get the chemical stability of 2D system.
In recent years, the search for 2D TIs has been extended to Bi
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and Sb single-element materials®*° in view of their strong SOC,
a precondition which is indispensable for realizing robust
topological insulators at high temperature. Interestingly, there
exists a bulk BiSb compound (B-BiSb, space group R3m, no.
166), which is a natural form of antimonide and bismuth.*
Recently, Singh et al. predicted the lowest ground state structure
of bulk BiSb with space group of R3m, no. 160.** Actually, the
natural form of B-BiSb crystal has the same layered structure as
arsenic and antimony (B-SbAs)* with space group of R3m, no.
166. S. Zhang et al. have made progress in group VA materials,
such as the theoretical prediction of arsenene and antimonene
and experimental preparation of antimonene.**** So the theo-
retical study of the 2D monolayer B-BiSb, which has not been
synthesized so far, can not only enhance our understanding of
their intrinsic characteristics but also facilitate the applications
of the family of 2D VA-VA compound semiconductors.

In the present work, we have provided the electronic and
topological properties of monolayer B-BiSb. Firstly, a basic
geometry of monolayer B-BiSb was established with honeycomb
structure. By means of first-principles density functional theory
(DFT) computations, we calculated the cohesive energy and
phonon vibrational spectra of monolayer B-BiSb, which confirm
the thermodynamic and kinetic stabilities. Then, we investigate
the electronic structure of monolayer B-BiSb with PBE, as well as
PBE+SOC calculations. Interestingly, a robust SOC in monolayer
B-BiSb results in a band-gap reduction of 60 meV. Under biaxial
tensile strain, the gap of monolayer -BiSb can be closed and
reopened with a concomitant change of band shapes, which is
reminiscent of band inversion known in many topological
insulators. Accordingly, the QSH effect in monolayer B-BiSb is
robust under biaxial tensile strain of 14%, which is confirmed
by the direct calculation of the Z, topological invariant and the
nontrivial topological edge states. The giant band gap of
monolayer B-BiSb and the robust topological properties under
tensile strain are attractive features for potential applications of
monolayer B-BiSb in quantum Hall spintronic devices.

2. Computational method

Our DFT calculations have been performed using Vienna ab
initio simulation package (VASP) code.** We used the Perdew-
Burke-Ernzerhof (PBE)*” exchange-correlation functional for
the GGA. The projector augmented wave (PAW) method*® was
employed to describe the electron-ion interaction. A vacuum of
20 A perpendicular to the sheets (along the ¢ axis) was applied to
avoid the interaction between layers. A kinetic energy cutoff of
500 eV was used for geometry optimization. The total energy has
converged to 10~ % eV per atom with respect to the cutoff energy
of plane wave and k-points sampling. The geometrical structure
is optimized until Hellmann-Feynman residual forces less than
0.01 eV A", The phonon calculations are carried out using the
supercell method through the PHONOPY code,**** and the real-
space force constants of supercells are calculated in the density-
functional perturbation theory (DFPT) as implemented in VASP.
Moreover, a more strict energy (10™° eV per atom) and force
convergence criterion (10 * eV A~") are used during the vibra-
tional spectra calculations. The convergence of vibrational
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spectra is also checked with respect to super-cell size and 7 x 7
x 1 supercells are used, and the path of integration in first
Brillouin zone is along K(1/3, 2/3, 0.0) — I'(0.0, 0.0, 0.0) —
M(0.0, 0.5, 0.0) — K(1/3, 2/3, 0.0). These over-converged tech-
nical parameters used in the calculation can ensure our
prediction reliable. The Brillouin-zone sampling is carried out
with a 21 x 21 x 1 Monkhorst-Pack* grid for 2D sheets.
Tetrahedron method was used with a quick projection scheme
in the calculations of the density of state (DOS). For the calcu-
lations of the band structures, we used Gaussian smearing in
combination with a small width of 0.05 eV. Spin-orbital
coupling effects are included self-consistently up to second
order (LS coupling).? Since the SOC term is large just close to the
core, the corresponding contributions to the Hamiltonian are
only evaluated inside the PAW spheres using all-electron partial
waves.

3. Results and discussions

The geometrical structure of monolayer -BiSb is presented in
Fig. 1(a). The optimized crystal parameters are a = b = 4.24 A,
along with the bond length d = 2.97 A and buckled hight / =
1.69 A. From Fig. 1(a) we can see that the honeycomb structure
is almost the same as that of blue phosphorene, which is
a newly emerging 2D group-V material with well optoelectronic
properties.*

To learn the thermodynamic stability of B-BiSb, we calcu-
lated the cohesive energy (E.on), which is defined as the
following formula:

Econ = [Egisy — (Egi + Esp)]/2

Egisp is the total energy of monolayer B-BiSb, Eg; and Egy, are the
energies derived from monolayer Bi and Sb nanosheets,
respectively. The calculated E ., is —2.98 eV per atom, leading
to well thermodynamic stability. To further confirm the struc-
tural stability of monolayer B-BiSb, we have performed vibra-
tional phonon spectra calculations. As presented in Fig. 1(b),
there are no negative frequencies, thus confirming the dynam-
ical stability of monolayer B-BiSb.

Fig. 1 (a) Top and side views of monolayer B-BiSb. (b) Vibrational

phonon spectra of monolayer B-BiSb. No soft modes present in the
structure.
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Now we turn to the electronic structure of monolayer -BiSb.
The calculated band structures with PBE method, along with
PBE+SOC method are presented in Fig. 2(a). From Fig. 2(a) we
can find that the fundamental band gap (E,) are both direct
band gap with 1.01 and 0.95 eV by PBE functional and PBE+-
SOC, respectively. However, bulk BiSb is known to exhibit with
the band gap of an indirect band gap semiconducting nature.*
In monolayer B-BiSb, the conduction band minimum (CBM)
shows a parabolic nature near I' point, indicating the presence
of highly mobile light electrons (nearly free-electrons), while the
valence band maximum (VBM) indicates the presence of rela-
tively heavy holes near I" point. Intriguingly, the band gap with
PBE+SOC is slightly smaller than that of PBE with 60 meV
because of the split of valance band with SOC. The calculated
strength of Rashba spin splitting, including the Rashba energy
(ERr), the Rashba momentum (k,), and the Rashba constant (ag)
are Eg = 2.12 meV, k, = 0.0101 A™%, ag = 2Eg/k, = 0.42 eV A,
which are a little smaller than that of Singh's recent results.**

To further shed light on the underlying bonding mechanism
of Bi and Sb atoms in monolayer B-BiSb, we show in Fig. 2(b) the
total and partial density of states (PDOS) of monolayer B-BiSb
using PBE functional with and without SOC, respectively. As
shown in Fig. 2(b), the partial density of states (PDOS) projected
onto s and p orbitals of Bi and Sb atoms shows similar pattern
and peak positions whether in valence band or conduction
band, indicating a strong hybridization of s and p orbitals
between Bi and Sb. When SOC is included in the calculations,
all electronic states broaden a little. The Bi-p and Sb-p states
still dominate the valence band. While the conduction states
move towards the low energy region and narrow the energy gap.
Meanwhile, CB states also split into two parts distinctly due to
degenerated states and destroyed symmetry induced by SOC.

As we know, the character of Frontier states is not only of
interest for a microscopic understanding of the conduction
channels but also of great concern for the design of optimal
contacts.*® The charge density corresponds to VBM and CBM
with and without SOC are presented in Fig. 2(c), respectively.
The VBM and CBM are similar and a typical lone pair electron
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state are found in these Frontier states, which is similar to those
of phosphorene.*® For the semiconducting nanosheet, strain
engineering is a favorable strategy to induce a switch between
a trivial and a nontrivial topological phase in the system. We
demonstrate that the Rashba effect in B-BiSb monolayer can be
efficiently tuned under biaxial tensile strains, as shown in Fig. 3.
We find that there exists direct band gap at I point as the tensile
strain varying from 2% to 12%, and the band gap decreased
gradually with maximum valence band transformed from “A
shape” to “M shape”. Such a trend eventually leads to the
smallest band gap near I' point when the strain is 14%. On
account of the asymmetric structure of B-BiSb, Rashba spin
splitting is produced in both the valence and conduction bands
in the strained system. Excitingly, the band gap opens again
when the strain is larger than 14%. From Fig. 3 we can see that
the Rashba energy (Eg) along with the Rashba momentum (k,)
become bigger and bigger with the tensile strains increasing.

The characteristic of band gaps closing and reopening
associated with the change of band shapes is reminiscent of
band inversion, which characterizes many known topological
insulators (TIs).”**** In order to ascertain the topological phase
transition in the strained monolayer B-BiSb, we calculated the
Z, topological invariants. In the presence of time-reversal
symmetry, Kramer's theorem dictates that the energy eigen-
states must come in pairs. This allows us to enforce the so-
called time-reversal constraint on the Bloch functions:

|un(_k)> = ®|un(k)>

where |u,(—k)) is the periodic part of the Bloch function, and @
= ™" i5 the time reversal operator with the spin operator Sy
and the complex conjugation K. Accordingly, we only need to
obtain Bloch functions in half of the Brillouin zone, denoted by
B, as those in the other half are fixed by above equation. The
band topology is characterized by the Z, invariant, given by*
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(a) Band structures of monolayer B-BiSb, which are calculated at PBE level with and without SOC. (b) The partial density of states (PDOS)

and (c) the isosurfaces of charge density distribution of VBM and CBM for monolayer B-BiSb calculated at the PBE level with and without SOC.

The Fermi level is set as zero and indicated with a dot line.
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Fig. 3 Band structures of monolayer B-BiSb under in-layer biaxial uniform strains (e =n%, n =0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20) at PBE level with
SOC. The band gap is narrow (28.55 meV) at e = 14%, which is reminiscent of band inversion and characterizes many known Tls. The Fermi level is

set as zero and indicated with a dot line.

i
where A(k) = > (u,(k)|Viun(k)) is the Berry connection and

n
F(k) = V, x A(k)| is the Berry curvature; the sum is over occu-

pied bands. A topological insulator is characterized by Z, = 1,
while ordinary insulators have Z, = 0. The nonzero Z, invariant
is an obstruction to smoothly defining the Bloch functions in B
under the time-reversal constraint. Since inversion symmetry is
absent in this system, the Z, invariants cannot be determined
from the parities of the filled states. To this end, we have used
the n-field configuration method.*®* We find that the Z, topo-
logical invariant is 0 with the tensile strains of =12% and
=16%, while Z, = 1 with the tensile strain of 14%. Actually,
atomically thin binary VA-VA compound semiconductors have
been found to be flexible in our previous study, and the desir-
able strains could be achievable in the elastic regime at a low
energy penalty.*”” Consequently, the strained system need rela-
tive small stress. Moreover, S. Zhang et al. have found that the Z,
topological invariant is 1 for atomically thin binary VA-VA
compound B-SbAs under the tensile strain of 12%.** So the
tensile strain of 14% for monolayer B-BiSb is reliable and
sensible. These results firmly demonstrate that there is indeed
a strain-induced topological phase transition in B-BiSb. There-
fore, compared to the case of antimonene, the $-BiSb monolayer
is also expected as a potential candidate to achieve the QSH
effect.

In order to give a general idea about the energetic stability of
the strained systems, the calculated formation energies of the
strained systems are —2.22, —2.20, —2.19, —2.19, —2.18, —2.18,
—2.16, —2.15, —2.15, —2.14 eV per atom, with the strain from

This journal is © The Royal Society of Chemistry 2017

2% to 20% by interval of 2%, respectively. Meanwhile, we check
the dynamical stability of the system under different external
strains, we performed the phonon spectra calculations. As
shown in Fig. 4, there are no negative frequencies, suggesting
dynamical stabilities of monolayer B-BiSb under strains.

[o2]
o

Wave number (cm'1)

Fig.4 Vibrational phonon spectra of monolayer B-BiSb under in-layer
biaxial tensile strain of n% (n = 10, 12, 14, 16, 18, 20). No soft modes
present in the structure.
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Fig.5 (a) Atomic structure of monolayer B-BiSb nanoribbon (over 100

A) with zigzag edges under tensile strain. The dangling bonds in the
zigzag nanoribbon edges are terminated by hydrogen atoms. (b) Band
structures of the monolayer B-BiSb nanoribbon at ¢ = 14%. The helical
edge states (red lines) can be clearly identified around I' point. The
Fermi level is set to zero, indicated by the horizontal dashed line.

The 2D nontrivial insulating state is often characterized by
topologically protected conducting edge states with in the bulk
gap.’** Thus, the B-BiSb monolayer under the tensile strain of
14% should hold an odd number of topologically protected
Dirac-like edge states connecting the conduction and valence-
band edges at I' high-symmetry points. To further confirm the
nontrivial features of B-BiSb monolayer under the tensile strain
of 14%, we constructed a zigzag B-BiSb nanoribbon structure,
and the edge unsaturated atoms are terminated by hydrogen
atoms to eliminate all dangling bonds, as seen in Fig. 5(a). The
width of the zigzag B-BiSb nanoribbon adopted here is 100 A,
which is enough to avoid interactions between edge states of the
two sides. The band structure of the nanoribbon is shown in
Fig. 5(b). The gapless edge states appear and cross linearly at the
I point, which further confirms the nontrivial topological phase
in the B-BiSb monolayer under the tensile strain of 14%. Thus,
our results provide a promising strategy for designing 2D VA-VA
QSH insulators.

4. Conclusions

In conclusion, a new 2D material, monolayer B-BiSb, has been
proposed to exhibit fascinating TI properties under biaxial
tensile strain of 14%. We demonstrate its energetic and
dynamic stabilities by cohesive energy and phonon spectra,
respectively. The band structure calculations indicate a robust
SOC in monolayer B-BiSb results in a band-gap reduction of 60
meV. Interestingly, we find that the gap closing and reopening
is associated with TI characteristics under biaxial tensile strain.
The identified band inversion, Z, topological invariant (Z, = 1),
and an explicit presence of the topological edge states have been
used to confirm the nontrivial topological situation in the
strained system. Remarkable Rashba spin splitting is produced
in both the valence and conduction bands of the strained
system because of the asymmetric structure. Therefore, similar

27820 | RSC Adv., 2017, 7, 27816-27822
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to the case of antimonene and bilayer bismuth, the B-BiSb
monolayer is also expected as a potential candidate to achieve
the QSH effect. We believe that these unexplored 2D group VA-
VA semiconductors, as exemplified by B-BiSb monolayer, will
lead to a large family of 2D semiconductors with intriguing
electronic properties.
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