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Based on first-principles density functional theory calculations, we systemically study the properties of

two-dimensional buckled single-layer bismuth (b-bismuthene). The structure, stability, and electronic
properties are mainly discussed by PBE + SOC method and the hybrid functional HSEO6 method is used
to further revise the band gap. The optimized b-bismuthene is determined to be dynamically and
thermally stable with an indirect band gap. In particular, there is a peculiar Rashba spin-splitting
emerging in the valence band maximum (VBM) states. Interestingly, the Rashba energy could be

effectively modulated by in-layer biaxial strain. By applying in-layer biaxial strain, one can find that

b-bismuthene has indirect—direct band gap and semiconductor—semimetal transitions. Moreover, we
also study the electronic structure of bilayer b-bismuthene that is sensitively dependent on the interlayer
distance. We demonstrate that the electric field (E-field) leads to a breaking of the Rashba-type splitting
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near the VBM of single b-bismuthene. More importantly, there is a synergistic effect when both strain

and electric field are applied at the same time. The E-field induced band splitting character could be
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1 Introduction

Two-dimensional (2D) materials have become a favorite in the
materials science community due to a flourish of studies in
recent years."” Since they possess intriguing properties and differ
from their bulk counterparts in various aspects resulting from the
confinement effect, 2D materials lead to a surge of interest in
both theory and experiment. Following the successful exploration
of 2D materials from group IV elements,>” it is an attractive
prospect to probe into new 2D monolayer materials of group V
elements or pnictogens. As expected, the monolayers of group V
elements, which are named as nitrogene,® phosphorene,”®
arsenene,”™ and antimonene,'** respectively, have been pre-
dicted to be dynamically and thermally stable by means of their
phonon spectra and ab initio molecular dynamic (AIMD) calcu-
lations at finite temperature. In contrast to the unique Dirac cone
at the Fermi level in group IV elements, the monolayers of
group V elements are insulating or semiconducting (nitrogene is
insulator and phosphorene, arsenene, and antimonene are
semiconductors) with wide-range fundamental band gap
covering from 0.36 to 5.90 €V.***** Also, the high carrier mobility
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modified by the strain strength. Thus, this study indicates that b-bismuthene may be a potential material
in both electronic and spintronic devices.

and anisotropic excitons,'*?® as well as electric field and strain
tunable electronic structure,>'®**>* are revealed in these 2D
pnictogens semiconductors. Particularly, phosphorene field
effect transistor and mechanical isolation of highly stable anti-
monene have been realized in experiment,*** recently, which will
further promote investigation. As a consequence, these group V
elements monolayers may be more excellent than group IV
elements in practical electronic and optoelectronic applications.

Although many efforts have been devoted to the 2D pnic-
togens materials, the freestanding single-layer bismuth
preserves almost unexplored. Quite recently, as the heaviest
element of pnictogens, the freestanding single-layer bismuth
derived from bulk form, namely bismuthene, has been
proposed that it is stable at high temperature and shows
fascinating electronic properties.”® In fact, there has been
a considerable focus on bismuth for many years due to the
peculiar semimetal character and strong spin-orbit coupling
(SOC).”** Similar to the gray arsenic and gray antimony,
metallic bismuth is the rhombohedral A7 structure with space
group R3m and can also be described as a hexagonal structure.
It is well known that the size effects and surfaces are crucial for
the physical properties of materials, thus the ultrathin films and
surfaces of bismuth are widely studied in previous works. On
one hand, the intrinsic strong SOC induced a strong Rashba-
type spin splitting of the surfaces-state bands on surfaces of
bismuth is exposed;* on the other hand, the ultrathin Bi films
have an intimate relationship with respect to the quantum spin

This journal is © The Royal Society of Chemistry 2017
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Hall (QSH) effects.*"** For instance, a single bilayer (BL) Bi (111)
film is predicted to be an elemental 2D topological insulator
(TI**** and the Bi (111) films with stable 2D TI phase are
independent of the film thickness.*® Meanwhile, the 2D TI
states are robust in BL-Bi film against strain and electric field.*
Interestingly, a giant gap QSH and mysterious valley-polarized
quantum anomalous Hall states emerge as the Bi films are
functionalized by hydrogen,*® which may initiate more searches
for novel properties of Bi films.

For the freestanding 2D single-layer, a promising route for
tuning the electronic structure is by applying strain and external
electric field. It has been found that strain and electric field can
lead to the semiconductor-metal, semiconductor-semimetal,
and trivial-to-topological transitions as well as other various
features in monoelemental pnictogens materials and group-V-v
2D semiconductors.”**>*373% Actually, strain and electric field
effects are inevitable for the 2D materials in practical application,
which can be induced by substrate and interfacial charge trans-
fer. These situations have been explicitly demonstrated by means
of emerging a strain-induced topological transition of ultrathin Bi
(111) films grown on Bi,Te; (111) substrates® and creating helical
Dirac fermion state of a single BL-Bi grown on a single quintuple
layer Bi,Se; or Bi,Te; because of interfacial charge transfer.”
However, the electronic structure of the new suspended bismu-
thene is still devoid of tuning by strain and electronic field to the
best of our knowledge even though the single and bilayer bis-
muthene have been systemically studied in stability, mechanical
and electronic properties, recently.*® Specific exploration of the
strain and electric field tuned bismuthene can render compre-
hensive understanding of the bismuthene employing in practical
application. Therefore, it is urgent to study the properties of the
strain and electric field tuned bismuthene.

In this paper, we systemically study the stability and electronic
structure of strain and electric field (E-field) tuned buckled bis-
muthene (b-bismuthene) phase using PBE + SOC method. The
hybrid functional HSE06 method is used to further revise the band
gap. The optimized b-bismuthene is determined to be dynamically
and thermally stable with indirect band gap. In particular, there is
a peculiar Rashba spin-splitting emerging in the valence band
maximum (VBM) states. Interestingly, the Rashba energy could be
effectively modulated by the in-layer biaxial strain. By applying the
in-layer biaxial strain, one can find that b-bismuthene has indi-
rect-direct band gap and semiconductor-semimetal transitions.
Moreover, we also study the electronic structure of bilayer
b-bismuthene that is sensitively dependent on the interlayer
distance. We demonstrate that the electric field leads to a breaking
Rashba-type splitting near the VBM of single b-bismuthene.
Importantly, there is a synergy effect when both strain and elec-
tric field are applied at same time. The E-field induced band
splitting character could be tuned by the strain strength. Our
findings indicate that b-bismuthene could be a promising candi-
date for the electronic and spintronic materials in the future.

2 Methods

The first-principles calculations were based on density func-
tional theory (DFT) using the Vienna Ab Initio Simulation
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Package (VASP).*> We employed the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA)* including
spin-orbit coupling (SOC) for the exchange correlation inter-
action. The cut off energy of 500 eV was used for the plane wave
basis. A 21 x 21 x 1 k-grid mesh in the Brillouin zone of the
unit cell was adopted for the 2D bismuthene nanosheets, and
a vacuum of about 20 A was introduced to avoid interaction
between periodic images of slabs in the z direction. To obtain
a more precise band gap, the screened hybrid functional
method** in HSE06 level including SOC is also used, and the
k-grid mesh in the Brillouin zone of the unit cell is changed to
be 12 x 12 x 1. We took into account the van der Waals (vdW)
correction PBE-D2 functional® in bilayer bismuthene to explore
the effects of vdW forces. For ionic relaxations, the convergence
criterion between two consecutive steps in our self-consistent
calculations was 107° eV, and the criteria for the forces
during the ionic relaxation was 0.01 eV A~*. Furthermore, the
phonon dispersion and ab initio molecular dynamics (AIMD)
simulation are performed to check the dynamical and room
temperature thermal stabilities. For the AIMD simulation, we
used 4 x 4 x 1 supercell and the temperature of 300 K, and the
total simulation time was 3 ps with a time step of 3 fs.

3 Results and discussion

3.1 Atomic structure and stabilities of 3D bismuth and
bismuthene

Our discussion will start from the calculations of 3D bismuth
crystal. As Introduction mentioned above, bulk bismuth
belongs to the rhombohedral A7 structure and space group
R3m, each atom bonds covalently to its three nearest neighbors
forming buckled bilayer with ¢ bond as the general character of
pnictogens semimetal. The interaction between the adjacent
bilayer is much weaker than the inter-bilayer bonding, thus it
can be realized that bulk bismuth cleaves along the (111)
plane.** Based on these understandings, we optimize the
structure of bulk bismuth using PBE and PBE + SOC methods. It
is clearly suggested that including SOC obviously increases the
lattice constants, as list in Tables S1} and 1, which means that
SOC should be worthy of consideration in the structure relaxa-
tion. We also compare our results to the recent work ref. 26,
showing a good agreement. Furthermore, the anisotropy of 3D
bismuth crystal using optimized structural parameters is
calculated on account of the existence of out-of-pane and in-
plane interatomic distances. The anisotropy is obtained by the
expression:

Table1l Lattice parametersa = b and c, buckling height h, bond length
d, bond angle 6, anisotropy A, cohesive energy E.on of 3D bismuth
crystal calculated by using PBE + SOC method

Econ
a=b(A) c(A) h(A) d (&) 0 (deg) A (%) (eV per atom)
4.65 12.20 1.61 3.13 95.99 16.9 3.16
4.64 12.17 1.61 3.13
(ref. 26)  (ref. 26) (ref.26) (ref.26)
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Fig. 1 Calculated results of single b-bismuthene using PBE + SOC
method. (a) Top and side views of the optimized atomic configuration
and structural parameters. (b) Phonon dispersion spectrum with PBE +
SOC optimized parameters. (c) Band structure, density of states, and
Frontier states character of single b-bismuthene. The energy range
0.2 eV below the top of the valence band is green shaded in the band
structure and density of states. The band gap is depicted by red range.
ER is the Rashba energy.

distance(out-of-plane)
distance(in-plane)

Anisotropy (%) = ( - 1) x 100 (1)

We find that the anisotropy of PBE optimized structure is
evidently smaller than PBE + SOC, indicating SOC plays an
important role for studying the anisotropy of bulk bismuth. For
the electronic structure, the calculated direct and indirect band
gaps with SOC are 53 and —111 meV, respectively. These two
values are consistent with recent work.>

Now, we turn to discuss the structure and stability of single
b-bismuthene. In analogy with buckled arsenene and anti-
monene, b-bismuthene has a 2D buckled honeycomb structure
with two Bi atoms in the primitive unit cell, which is similar to
the previously proposed BL-Bi (111) structure, as illustrated in
Fig. 1(a). In the b-bismuthene, three electrons of each Bi atom

Table 2 Calculated values of b-bismuthene using PBE + SOC method:
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bond covalently to the three nearest neighbors forming three
strong o-like bonds. The rest of lone pair electrons contribute
the m-like bond between two Bi atoms in the primitive unit cell,
alternately in an upper and a lower plane, resulting in a pseudo-
Jahn-Teller distortion.*® In order to enhance the stability, the
sp>-type hybridization replaces the planar sp*type hybridiza-
tion by means of producing the buckling. The same mechanism
has also been represented in b-arsenene and b-antimonene
which share the similar buckled configuration.’®* The opti-
mized structural parameters and other relative values are
summarized in Table 2 and S2, one can see that, similar to
bulk bismuth, SOC leads to an obvious increase of the lattice
constant, 7.e., changing from 4.33 to 4.39 A. However, not only
the lattice constant but also the bond length and bond angle,
they decrease evidently when the b-bismuthene is cleaved from
the bulk bismuth due to the quantum confinement effect. We
also notice that the buckling height of b-bismuthene is larger
than that of the bulk bismuth, which can be attributed to the
disappearance of the interlayer coupling. Moreover, from
b-nitrogene to b-bismuthene, the buckling height increases
from 0.7 to 1.73 A. This is in line with the fact that the atomic
radius has a gradual reduction from Bi to N atoms.

Next we calculate the cohesive energy, phonon dispersive
spectrum, and AIMD to check the stability and experimental
feasibility of the b-bismuthene phase. The cohesive energy is
calculated by

(2)

Ec = (nEatom - Ebismuthene)/na

where E,om is the spin-polarized total energy of an isolated Bi
atom and the FEpismuthene 1S the total energy of free
b-bismuthene, n is the number of Bi atom in per unit cell. The
calculated E. of PBE and PBE + SOC are 2.44 and 3.04 eV per
atom, indicating an energetic feasibility. The phonon dispersive
spectrums using PBE and PBE + SOC structural parameters are
plot in Fig. S1(b)} and 1(b). The positive frequencies of all
acoustic and optical branches in two phonon spectrums
demonstrate that these two structures are dynamically stable.
Although the phonon dispersive spectrum ensures the dynam-
ical stability at 0 K, it may be unstable when the buckled bis-
muthene phase exposes at finite temperature. Thus, examining
the stability at finite temperature is essential to the practical
application. Our AIMD is performed at 300 K and 500 K for 3 ps.
These two structures still maintain their stabilities, and hence
they can be applied at least above room temperature.

lattice constants a; = a,; buckling height h; bond length d; bond angle 6;

cohesive energy E.on; band gap Eg; band gap with vdW correction Eg.yaw

@ = a; () h (&) d (&)

0 (deg) Ecoh (CV) Eg (CV) Eg+vdw (CV)

4.39

4.38 (ref. 26)
4.38 (ref. 40)
4.35 (ref. 35)

1.73
1.74 (ref. 26)
1.70 (ref. 40)

3.07
3.07 (ref. 26)

39548 | RSC Adv., 2017, 7, 39546-39555

91.24 3.04 0.46

0.51 (ref. 26)

0.47

0.56 (ref. 35)
0.50 (ref. 47)
0.43 (ref. 48)
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According to the recent experiment reports,” the highly
stable b-antimonene can be fabricated through mechanical
isolation. Whether b-bismuthene can also exfoliate from its
bulk form, it is therefore a significant question. To address this
question, we calculate the interaction energies of layered
bismuth by considering vdW correction PBE-D2 functional.
Interestingly, the calculated interaction energies are 123 meV
per atom for the layered bismuth. This value is slightly larger
than that of layered antimony (86 meV per atom)' and twice
larger than that of graphite (63.5 meV per atom).* On the other
hand, the cohesive energies differences between the free
b-bismuthene and the 3D bismuth are very small (only 0.12 eV
per atom), which indicates a possible formation. Therefore, it is
worth expecting that b-bismuthene may be fabricated by the
same exfoliation method.

3.2 The electronic structure of b-bismuthene tuned by in-
layer biaxial strain

The results of the geometric structure optimization have indi-
cated that SOC should not be neglected for the study of
b-bismuthene. Hence here, the electronic structure calculations
are mainly discussed by PBE + SOC method. The results using
PBE method are presented in ESLt As seen in Fig. 1(c), SOC
splits the double degenerate bands for each spin channel of
VBM, showing a distinct Rashba-type splitting because of the
perpendicular potential asymmetry. The splitting two branches
intersect, forming a Dirac point and displaying a Mexican-hat
shape near the VBM. The Rashba energy Ey that is the energy
difference between the crossing point and the band edge is
calculated to be 133 meV. This value is slightly larger than that
of BiTel (Egx = 113 meV) material,*® implying a strong Rashba
effect. These intriguing characters also are proposed in the
tetragonal bismuth bilayer that is predicted as a stable and
robust quantum spin hall insulator.** The 2D Bi (111) structure
in fact as a TI has been discussed intensively in ref. 31, 33, and
34. Accordingly, this Rashba-type splitting of b-bismuthene is of
special importance for fabricating spintronic devices. In
contrast, the VBM is shifted from the I' to the I'-M and I'-K
directions by ~1/6 of the I'-M and I'-K distances resulting from
the Rashba-type splitting, and the band gap decreases to
0.46 eV. When the vdW correction is considered, the band gap
retains nearly unchanged and is similar to the case of without
SOC. Nevertheless, the SOC gap decreases slightly under HSE06
level. Even if SOC affects the band shape of b-bismuthene
significantly, the Frontier states of VBM retain the robust
o-like bond (see Fig. 1(c) and S1(c)). Our calculated electronic
structure of b-bismuthene with SOC is in good agreement with
the previous works.>***

Normally, structure deformation induced by substrates and
external environment always is inevitable in practical applica-
tions, which has a prominent influence on the physical prop-
erties of materials. These have been demonstrated in 2D single-
layer materials, for instance graphene, phosphorene, arsenene,
and antimonene. Here we study the strain-tuned b-bismuthene
with SOC to mimic the structure deformation. The in-layer
biaxial strain ¢ is expressed as ¢ = (a — ao)/a,, where a, is the
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lattice constant of the free b-bismuthene. The discussed strain
range —10% = ¢ = +10% is relatively feasible in experiment,
since b-bismuthene possesses a lager buckling height. As
shown in Fig. 2, there is an interesting finding that the band
structure is very sensitive to the applied in-layer biaxial strain e.
For example, a smaller compressive strain —2% can induce the
CBM changing from the I' high symmetry point to the I'-M
direction. Notably, two bands near the VBM emerge an evident
splitting and the Mexican-hat shape tends to flatness on
account of a smaller strain exerted. This phenomenon is
consistent with the previous study.’® Moreover, we find that the
splitting of the two bands near the VBM gradually widens with
the strain increasing, which means that the in-layer biaxial
strain ¢ can enhance the band splitting. In particular,
b-bismuthene is altered to a direct band gap under +5% tensile
strain due to the Mexican-hat disappearance at the I' high
symmetry point. Analogous to PBE level (see ESIt), the —7%
compressed strain transforms b-bismuthene into semimetal.
The band shape and electronic phase variations with strain
offer a reason to explore whether the Rashba energy Ex can be
affected by exerting strain. As depicted in Fig. 3(a), the variation
picture of the Rashba energy Ex exhibits a ‘W’-like shape with
the strain ranging from —10% to +10%. That is, the strain is an
effective way to modulate the Rashba effect of b-bismuthene,
which originates from the intrinsic buckling structure of
b-bismuthene compressed and stretched by strain, inducing the
change of inversion symmetry. Strain-tunable Rashba energy
may be useful to the b-bismuthene applying to spintronic
devices without external magnetic field.

The band gap of b-bismuthene as a function of in-layer strain
¢ under PBE + SOC level is presented in Fig. 3(b). One can see
that the variation of band gap is sensitive to smaller strain,
showing an ‘N’-like shape. The largest gap value occurs at ¢ =
—1% with E, = 0.52 eV, which is also found in ref. 35. As
mentioned above, a special strain is the ¢ = +5% that results in
an indirect-direct transition, but the direct gap can return
quickly to be indirect with the strain increasing. It should be
mentioned that, at +6% = ¢ = +10%, the band gap is propor-
tional to the ¢, which is opposite to the case of without SOC (see
ESIY). So our results demonstrate that, under PBE + SOC level,

Energy (eV)

2 AN

M K I' M M K

Fig. 2 Calculated band structure of —7%, —2% and +5% strains under
PBE + SOC level.
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the electronic structure of b-bismuthene is tunable with respect
to a certain range of in-layer biaxial strain. The band gap is
further calculated using HSE06 + SOC method, as shown in
Fig. 3(c). Although HSEO06 revises the gap values, the variation
trend is approximately identical to the PBE level. We notice that
the mismatch of lattice constants between b-bismuthene and
Bi,Se; or Bi,Te; is about —6% and 0, which is a similar effect for
single layer bismuth strained by —6% and 0, respectively.
Interestingly, the calculated band gaps using HSE06 + SOC
method with —6% and 0 strains are nearly consistent of single
b-bismuthene strained by the bulk Bi,Se; and Bi,Te;
substrates.** This means that the results in present work could
agree with the experimental reports and the strain tunable
electronic structure of b-bismuthene may be realized in real
systems by growing on appropriate substrates.

3.3 Bilayer b-bismuthene affected by interlayer distance

Stacking 2D materials is an attractive subject in materials
science study. Novel electronic structures in phosphorene and
arsenene thin films modified by strain and electric field have
been reported.'>** In practical, the interlayer distance also is an
important ingredient for physical description of the properties
of 2D thin films. Tuning the interlayer distance is analogous to
apply the strain along z-direction. In this section, we explore the
effects of interlayer distance for bilayer b-bismuthene. Similar
to the discussion above, PBE + SOC method is employed. Recent
study has pointed that the AA-stacking bilayer is the most stable
configuration for b-bismuthene,* and thus we here only discuss
the AA-stacking bilayer b-bismuthene. Our geometric optimiza-
tion of bilayer b-bismuthene includes the vdW correction using
PBE-D2 functional, since the PBE-D2 functional performs best in
bulk and few-layer phosphorus in terms of energetics and
geometry.” As seen in Fig. 4(a), the optimized interlayer distance
is d, = 4.64 A, which is smaller than that of ref. 26 4.80 A because
of including vdW correction. The band structure of AA-stacking
bilayer b-bismuthene is plot in Fig. 4(b). It is noted that, in
contrast to single layer b-bismuthene, the Fermi level crosses the
VBM and CBM showing a semimetal character due to the

39550 | RSC Adv., 2017, 7, 39546-39555

interlayer coupling. Therefore, stacking is an effective route to
modify the characters of b-bismuthene, such as semiconducting-
semimetallic transition, even only constructing bilayer b-
bismuthene. Furthermore, the interlayer cohesive energies
calculated by PBE + SOC with vdW correction is 0.17 €V per atom,
which is noticeably larger than the typical values of vdW bond,
and thus the interlayer cohesive energies should be composed of
chemical and vdW interactions. This value also implies that
bilayer b-bismuthene is energetically feasible.

The favorable interlayer distance is easily affected by external
environment and experiment process, and therefore it is
necessary for bilayer b-bismuthene to discuss the relationship
between physical properties and interlayer distance. We first

Energy (eV)

Fig. 4 (a) Side view of the optimized atomic configuration, (b)
calculated band structure, and (c) Frontier states character of the AA-
stacking bilayer b-bismuthene under PBE + SOC level. The energy
range 0.2 eV below the top of the valence band is green shaded in the
band structure. The band gap is depicted by red range.

This journal is © The Royal Society of Chemistry 2017
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examine the dependence relationship between the interlayer
cohesive energy and the interlayer distance, as plot in Fig. 5(a).
It is shown that both PBE and PBE + SOC methods have a same
variation trend and the magnitude of the interlayer cohesive
energy decreases as the interlayer distance changes from the
equilibrium value. But, bilayer b-bismuthene is still feasible
energetically even Ad = 1.5 A. In particular, the interlayer
cohesive energy enters into the vdW energy range when the
interlayer distance varies beyond ~1.0 A (Ad > 1.0 A), since the
long-range attractive potential controls the vdW interaction
between two b-bismuthene layers.

We next discuss the evolution of the band structure with the
suggested in Fig. 5(b). Bilayer
b-bismuthene can persist the semimetal character until the
interlayer distance d; = 5.94 A. As the interlayer distance d; =
5.94 and 6.64 A, bilayer b-bismuthene becomes an indirect
band gap semiconductor with E, = 0.025 and 0.29 eV. Moreover,
we observe that the band shape of VBM is also dependent on the
interlayer distance. The Mexican-hat shape disappears when the
interlayer distance adds up to a large value (see Fig. 5(b)), since
the large interlayer distance weakens the interlayer coupling of
bilayer b-bismuthene. As investigated above, the band shape of
VBM with SOC corresponds to the Rashba effect, and thus the
interlayer distance can mediate the Rashba effect of bilayer
b-bismuthene. Based on these discussions, we emphasize that
tuning the interlayer distance is useful to enrich the electronic
properties and enlarge the application of bilayer b-bismuthene.

interlayer distance, as

3.4 Single and bilayer b-bismuthene tuned by electric field

In the b-bismuthene, the existence of buckling gives rise to
a potential difference between two atomic layers, which turns
out to be possible to provide an intrinsic advantage in tuning
the electronic structure in terms of a perpendicular electric field
(E-field).>> The E-field applying to single and bilayer
b-bismuthene is also a reasonable method to mimic the inter-
facial charge transfer effect when the single and bilayer
b-bismuthene grow on appropriate substrate.*® We perform the

This journal is © The Royal Society of Chemistry 2017

calculations with the strength of E-field ranging from —0.60 to
0.60 eV A'. A quite interesting finding is that the E-field results
in the band spin-degeneracy splitting near the VBM, while the
CBM maintains the band spin-degeneracy and is located at the
I' high symmetry point, as presented in Fig. 6(a). This novel
electronic structure is since the E-field breaks the Rashba-type
splitting induced by inversion symmetry.*>** In reality, given
that b-bismuthene is a centrosymmetric crystal, in which each
individual band has double degeneracy for the spin degrees of
freedom even though SOC is taken into account. But, the
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Fig. 6 (a) E-Field induced band splitting along K-I'-M direction. (b)
E-Field dependences of the band gap E4 and splitting energy AE,, of
single b-bismuthene. E-Field dependences of (c) the band gap E4 and
(d) splitting energy AE, with different strains.
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external E-field or substrate can effectively break the inversion
symmetry of b-bismuthene, which leads to the band spin-
degeneracy splitting and reduces the band gap. The band gap
as a function of the E-field is shown in Fig. 6(b). It is suggested
that the band gap decreases monotonically with the strength of
the E-field. But, the reduction is relatively small from 0.00 to
0.55 eV A~". A sharp decrease of the band gap is found as the E-
field beyond 0.58 eV A~*. With a critical E-field E. = 0.59 eV A"
is applied, yielding the semiconductor-metal transition. This
critical value is larger 0.02 eV A" than that of without SOC (see
ESIt). Indeed, further increasing the E-field to as high as
~1 eV A~! will create the helical Dirac fermions due to a giant
Rashba effect, which is similar to BL-Bi grown on Bi,Se; and
Bi,Te; substrates.” Moreover, in contrast to the buckled
arsenene, the direct-indirect band gap transition cannot be
found in single b-bismuthene. In reality, this critical E-field E.
of inducing electronic phase transition are difficult to realize in
experiment, and therefore single b-bismuthene may be electric
robustness. Furthermore, we also find that, both E, and AE,, the
variation trend of applying negative value of E-field is hardly
altered, only the value of E, slightly becomes larger. In contrary
to the band gap, the splitting energy AE, increases mono-
tonically with the strength of the electric field before the elec-
tronic phase transition (see Fig. 6(b)). The largest AE, is
calculated to be 152 meV at 0.58 eV A",

Previous work has demonstrated that if strain and E-field
coexist, intriguing electronic properties would be produced in
silicon nanowires.** Motivated by this, we want to know whether
there is a synergy effect when both strain and E-field are applied
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Fig. 7 Using PBE + SOC method. (a) Electric field induced band
splitting along K—I'-M direction in strain range from +6% to +10%. (b)
Electric field dependences of the band gap E. Electric field depen-
dences of (c) the splitting energy of VBM AE,_, and (d) the splitting
energy of CBM AE,_. with different strains.
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at same time. The strain ¢ range is considered from —7% to
+10%. Because of the similar effect of positive and negative
value of E-field, we only apply the positive value of E-field to the
b-bismuthene. It is found that when ¢ is in the range of —1% to
+5%, the E-field inducing band splitting is similar to the ¢ = 0.
E-Field dependences of the band gap E, and splitting energy
AE, with different strains are depicted in Fig. 6(c) and (d). One
can see that the variation curve of E, and AE, with different
E-field value is also similar to the ¢ = 0. Furthermore, under
a same E-field value, E, decreases and AEj, increases with ¢ from
—1% to +5%.

Interestingly, as shown in Fig. 7(a), the degeneracy of the
conduction band near the I high symmetry point breaks down
at ¢ = +6% and a band splitting appears in the CBM. Moreover,
we notice that the band spin-splitting shape of the VBM is
different from ¢ in the range of —1% to +5%, which could be
attributed to the change of band Frontier feature. Thus, this
interesting finding indicates the synergy effect emerging when
the tensile strain is larger than +5%. We further calculated the
band gap and splitting energy of CBM and VBM (AE, . and
AE, ). From Fig. 7(b), it is suggested that E-field could slightly
modify the band gap, and in contrary to ¢ in —1% to +5%, E,
increases with the strain. Comparing to the slight change of E,
both AE, . and AE,, have an obvious modification by
increasing E-field, as plot in Fig. 7(c) and (d). It should be
mentioned that, under a same value of E-field, AE,, , is altered
evidently from +6% to +8% while the difference of AE, .
between different strains is relatively smaller. That is, the E-field
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Fig. 8 Using PBE + SOC method. (a) Electric field induced band
splitting along K—I'-M direction in strain range from —2% to —7%. (b)
Electric field dependences of the band gap E4. Electric field depen-
dences of (c) the splitting energy of VBM AE,_, and (d) the splitting
energy of CBM AE,_. with different strains.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05787c

Open Access Article. Published on 14 August 2017. Downloaded on 12/5/2025 1:07:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
(a) (b)
; 50 T T
AEp-v of E-field /
40} - () / i
ey -0 ()
> AEp-c of E-ficld
g g 30f = 1
% ~ -7 () ;
= E 4
o L B
[E] E 20 ) /'\u
\ gy /—VIAV/V ]
03 L " L ol— L L . s
K r——M 01 02 03 04 05

Electric field (eV/Angstrom)
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splitting along K—I'-M direction. (b) Electric field dependences of the
splitting energy CBM AE,_. and VBM AE,_, of bilayer b-bismuthene.

inducing valence band spin-splitting AE,,_, is more sensitive to
strain.

Now we begin to discuss the effect of both compressive strain
and E-field applied at the same time. From the study of above
mentioned it has known that a smaller compressive strain ¢ =
—2% could transform the CBM from the I" high symmetry point
to the I'-M direction. This change means that the CBM is very
possible to be split by the external E-field. As predicted, the CBM
has a band spin-splitting when ¢ is in the range of —2% to —7%
(see Fig. 8(a)). It is noted that the splitting mechanism of the
CBM in —2% to —7% is different from +6% to +10% owing to
the different position of CBM in the Brillouin zone. Similar to
above discussion, we also calculated the band gap E, and
splitting energy AE, . and AE,,. As seen in Fig. 8(b), E,
decreases monotonically with E-field. Under a same value of
E-field, the larger is strain, the smaller is band gap. This situ-
ation is analogous to ¢ in —1% to +5%. However, we observe
that, as seen in Fig. 8(c) and (d), both AE,, . and AE,,_, increase
with E-field even though AE,_. fluctuates at some ranges of
E-field. Moreover, AE,,_, is more sensitive to small compressive
strain. Consequently, one can significantly tune the band
splitting of VBM and CBM by the synergy effect. And we could
expect that the strain and E-field tuned single b-bismuthene is
applied to spintronic devices.

In addition, we also probe into the E-field tuned bilayer
b-bismuthene. Our results indicate that bilayer b-bismuthene
undergoes the semimetal-metal character transition at E. =
0.55 eV A", As a result, the electronic phase transition induced
by E. of bilayer b-bismuthene is smaller than single one as
a result of the existence of interlayer potential. Analogous to the
single b-bismuthene, we find that E-field could also induce the
band splitting in the VBM and CBM (see Fig. 9(a) and (b)) and
AE,_. is larger than AE,_,, indicating a more sensitive splitting
character in the CBM. When the value of E-field is changed to be
negative, a similar conclusion is obtained. As seen Fig. 10(a)—(c),
analysis of the band structure of three different interlayer
distances evinces that the E-field induced band splitting
depends on the interlayer distance in bilayer b-bismuthene. For
instance, the VBM undergoes the splitting-degeneracy-splitting
transition as the interlayer distance changes from 4.14 to 6.64 A,
since the VBM is located at the I" high symmetry point when the

This journal is © The Royal Society of Chemistry 2017
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interlayer distance is 5.94 A. However, the CBM could always be
split as the E-field applied, regardless of the interlayer distance.
Therefore, it may be realized that we could control the band
splitting of VBM by changing interlayer distance and exerting
E-field. From Fig. 10(d), it suggests that E-field could effectively
tune AE, . and AE,_, except for AE,,_, of d; = 5.94 A. It is worth
mentioning that the interlayer distance retains nearly constant
within the applied range of the external E-field.

4 Conclusions

In summary, we systemically study the stability and electronic
structure of strain and electric field tuned single and bilayer
b-bismuthene. It has been suggested that single b-bismuthene
is a stable semiconductor indirect band gap PBE + SOC
method. There are indirect-direct and semiconducting-semi-
metallic transitions by stacking single b-bismuthene to bilayer
b-bismuthene due to significant interlayer coupling. Similar
transition in single b-bismuthene is also revealed by applying
in-layer biaxial strain. Particularly, the Rashba energy can be
effectively modulated by the in-layer biaxial strain. On the other
hand, the band structure of bilayer b-bismuthene is found to be
sensitive to the interlayer distance. Because of interlayer
coupling altered, tuning interlayer distance can gain various
electronic structures. Interestingly, the electric field can result
in the band spin-degeneracy splitting near the VBM in single
b-bismuthene, and the splitting energy increases with the
strength of the electric field. More importantly, there is
a synergy effect when both strain and electric field are applied at
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same time. The E-field induced band splitting character could
be tuned by the strain strength. Our results demonstrate that
the electronic structure of single and bilayer b-bismuthene is
strain- and electric field-tunable, which provides valuable
information for b-bismuthene as a promising candidate for the
electronic and spintronic materials.
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