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ABSTRACT: The eﬀects of strain on the structure stability,
electron−phonon coupling (EPC), and superconductivity of
two types of monolayer borophenes realized in the experiments are systematically investigated within the framework of
density functional theory. We ﬁnd that the electron−phonon
coupling (EPC) in the buckled triangle borophene can be
signiﬁcantly enhanced by the suitable strain (−2−3%) due to
the lower acoustic phonon branch softening. Our calculations
suggest that a superconducting transition temperature (Tc)
ranging from 24 to 32 K may be observed in the experiment.
For the β12 borophene, the EPC constant (λ) and Tc exhibit a
U-curve variation with the strain ranging from 0 to 12%. The highest Tc of 14.9 K can be obtained in the pristine structure. The
stiﬀness of the lower acoustic phonon branches and the U-curve variation of N(EF) mainly from the pz electrons of boron are
responsible for the change of the superconducting transition temperature with the increase of the tensile strain. Although
borophenes have a highly anisotropic structure, the uniaxial strain eﬀect on the superconductivity is isotropic.

■

massless Dirac fermions with nontrivial Berry phases.21 Twodimensional (2D) materials showing superconductivity have an
important application in nanoscale superconducting devices,
such as superconducting quantum interference devices and
superconducting transistors.22−24 Many theoretical calculations
based on the BCS theory predicted that the 2D materials may
become a good superconductor under strain modulation or
carrier doping. For instance, when the doping level is ∼4 ×
1014 cm−2 combined with the strain of ∼16%, the superconducting transition temperature above the liquid hydrogen
temperature can be expected in the semimetal graphene.25,26
With the eﬀects of the strains and carrier doping, the
semiconducting phosphorene becomes superconductor and
the Tc ranges from 3 to 16 K.27 The highest superconducting
transition temperature can reach to 22 K in MoS2 monolayer
under strain and doping.28 In these 2D monolayers, the
electron−phonon coupling (EPC) has been enhanced by the
strain to some extent. Diﬀerent from these semiconductors,
borophenes have the inherent metallicity. Therefore, the
emergence of borophenes triggered a surge of interest in the
investigation of the superconductivity. Zhao et al. made a
systematic study on superconductivity for two-dimensional
boron allotropes, and they found a V-shape dependence of Tc
on the hexagon hole density.8,20 Gao et al. and Penev et al.
reported that the freestanding borophenes realized in experiments present a phonon-mediated superconductivity with the

INTRODUCTION
Within the knowledge of the Bardeen−Cooper−Schrieﬀer
(BCS) theory,1 the superconducting transition temperature is
positively related to the phonon vibration frequency that is
inversely proportional to the square root of the atomic mass. It
provides a practical principle: the superconductivity with the
higher Tc may exist in the materials composed of the lighter
atoms. Under the guide of this principle, surprising progress
has been made in the conventional superconductivity. The
metallic hydrogen has been predicted to have a very high Tc of
about 100−240 K for molecular hydrogen2 and 300−350 K for
the atomic phase at 500 GPa.3 Theoretical and experimental
studies in parallel report that sulfur hydrides exhibit a Tc ∼ 200
K under high pressures.4−6 The metallic face-centered cubiclithium possesses a Tc ≈ 70 K at 40 GPa.7,8
Like hydrogen, boron is also a light-mass element, which
originally induces the high-Tc superconductivity, such as
MgB2.9−11 However, in the pure bulk boron under ambient
pressure without any doping, there is no evidence of
superconductivity.12 Recently, borophenes, several boron
sheets consisting of the ﬁfth element boron in the periodic
table, have been grown epitaxially on the Ag(111) substrate
under ultrahigh-vacuum conditions by diﬀerent groups.13,14
Theoretical calculations predicted numerous freestanding
borophenes, whose structures consist of triangular boron grid
with diﬀerent densities of the hexagonal hole.15−20 Because of
the interfacial interactions of Ag substrate and eﬀect of the
temperature, the scanning tunneling microscopy images
revealed three structures of borophene: the buckled triangular
sheet, β12 sheet, and χ3 sheet. In the β12 sheet, there exists
© 2018 American Chemical Society
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Figure 1. Electronic structures of the pristine borophene. Top and side view of the structures of (a) the buckled triangle structure and (b) β12
structure. Band structures and projected electron density of states (EDOS) around the Fermi level for (c) the buckled triangle structure and (d) β12
structure. The Fermi energy depicted with the red dashed line is set to be zero.

Tc about 20 K.29,30 However, to date, no systemic investigation
of the strain eﬀect on the EPC and superconducting properties
in borophenes has been reported.
Two types of borophene have been chosen to investigate the
superconductivity under diﬀerent strains. The superconducting
transition temperature is calculated to be 25.8 K for the
pristine buckled triangle structure and 14.9 K for the β12
structure. The softening phonon frequency induced by the
strain leads to the dynamic instability of their structures. In the
safe area of the strain, we have discussed the strain eﬀect on
the electron density of states (EDOS) at Fermi surface (FS),
logarithmically averaged phonon frequency, EPC constant,
phonon dispersion spectrum, Eliashberg function, and superconducting transition temperature. We ﬁnd that the strain has
the diﬀerent eﬀects on the superconductivity for the two
structures. Both tensile and compressive strains obviously
enhance the EPC in the buckled triangle borophene, whereas
the EPC of the β12 borophene sharply decreases and then
increases. The lower-frequency acoustic phonon aﬀected by
the strain plays an important role to explain the variation of the
Tc.

exchange−correlation energy functional. Our borophene
models contain a vacuum space of 20 Å in the c axis to
avoid the interactions between the adjacent images. By
changing the lattice constants, we add the biaxial strains to
the borophenes. The in-plane strength is deﬁned as ε = (a −
a0)/a0 × 100%, where a and a0 are the in-plane lattice
constants of the strained and unstrained monolayer borophenes, respectively. All of the structures are fully relaxed
until the force convergence criteria is less than 10−5 Ry/b.
For the buckled triangle borophene, we use a k-mesh of 40 ×
40 × 1 and a q-mesh of 10 × 10 × 1 to calculate the dynamical
matrices and electron−phonon matrix. After the convergence
testing in β12 borophene, the Brillouin zone for the selfconsistent electron calculations is sampled in a 24 × 40 × 1 kpoints grids with a Methfessel−Paxton smearing of 0.02 Ry
and the phonon and superconducting properties are calculated
on a 6 × 12 × 1 q-point mesh.
The Eliashberg approach34−36 has succeeded in estimating
the EPC of borophene in previous work.8,20,29,37 By solving the
phonon dispersion and the EPC matrix, the Eliashberg spectral
function α2F(ω) has the following formula

■

α 2F(ω) =

METHODS
All of the electronic structures and EPC properties are
calculated within DFT and density functional perturbation
theory,31 implemented in the QUANTUM-ESPRESSO package.32 The ultrasoft pseudopotential with a cutoﬀ energy of 55
Ry is adopted to describe the interaction between electrons
and ionic cores, which has been proved to be suﬃcient for
convergence of the EPC parameter in ref 15. The generalized
gradient approximation of PW9133 is employed for the

1
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Figure 2. Phonon dispersion with phonon line width γqν, phonon density of states (PDOS), Eliashberg function α2F(ω) and EPC constant λ(ω),
and phonon vibration modes at the Γ point for the (a) buckled triangle structure and (b) β12 structure. The red arrows and their lengths represent
the directions and relative amplitudes of these vibrational modes, respectively. The enlarged view of the acoustic phonon modes around the Γ point
is plotted in the inset for the buckled triangle structure and β12 structure.

α2F(ω) is related to three physical quantities: phonon
frequency (ωqν), the electronic density of states at the Fermi
level (N(EF)), and the line width of phonon mode ν at the
wave vector q (γqν). γqν depends on the volume of the BZ
(ΩBZ) and the EPC matrix element (gqν(k, i, j)). All of the
Dirac δ functions in the equations are simulated with the
Gaussian functions. Through the frequency-space integration
for the Eliashberg spectral function, the total EPC constant λ
and the logarithmically averaged phonon frequency ωlog can be
obtained
λ=2

∫0

∞

α 2F(ω)

i2
⟨ω log ⟩ = expjjj
kλ

∫0

dω
1
≈
ω
Nq
∞

Finally, we get the Allen−Dynes-modiﬁed McMillan equation
to estimate the Tc as follows
Tc =

α 2F(ω) log w

(5)

■

RESULTS AND DISCUSSION
Considering the structural inconvenience of adding the biaxial
strain on the χ3 structure, our calculations just consider the
buckled triangle borophene and β12, in which a rectangular
lattice has been adopted. As revealed by the experiment,13 the
buckled triangle borophene with symmetry belonging to the
Pmmn symmetric group has a highly anisotropic structure with
the pucker in the b direction. The fully optimized lattice
parameters are a = 1.618 Å and b = 2.873 Å, which are smaller

(3)

dω zy
zz
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where μ* is the retarded Coulomb pseudopotential with the
reasonable value of 0.13.38−40
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Figure 3. Phonon dispersion spectra at critical strains: for the buckled triangle borophene under the strain of (a) ε = −2.1% and (b) ε = 3% and for
the β12 borophene at (c) ε = −1% and (d) ε = 12%.

contains α2F(ω)/ω (eq 3). Actually, we ﬁnd that the lowfrequency (5−12 THz) acoustic phonon leads to the largest
contribution to the EPC. They account for 69.53% of the total
λ. As a result, our calculated λ = 0.87 and ωlog = 452.67 K
result in a Tc = 25.81 K for the buckled triangle borophene.
Figure 2b shows the calculated superconductivity of the
pristine β12 borophene. The γqν mainly locates in the three high
phonon frequencies (21.90, 28.38, and 32.67 THz) around the
Γ point, which are caused by the relative in-plane vibration of
the diﬀerent neighboring pairs of borons. As the same reason
above, the phonon modes in the corresponding frequencies
have a contribution less than 15% to the total λ. The primary
part (about 68.31%) of the total λ comes from the lowfrequency (0−8 THz) acoustic modes around the Γ point.
Finally, we obtain the Tc = 14.84 K of the β12 borophene with
λ = 0.90 and ωlog = 257.13 K.
When borophenes are grown on the substrate, the strain
eﬀect on the electronic and superconducting properties has
been introduced. Therefore, we add the strain by changing the
lattice parameters to simulate the borophenes grown on the
substrate and calculate the strain eﬀect on the Coulomb
interaction and phonon coupling on borophenes. First, we
discuss the dynamical stability of the structure of borophenes
under diﬀerent strains. The tensile and compressive strains
have been applied on the two structures (positive value for
tensile train and negative value for compressive strain). The
corresponding phonon spectra at the critical strains are
calculated by the quasi-harmonic approximation, as shown in
Figure 3. The emergence of the imaginary frequency not
around the Γ point determines the critical strains that indicate
the instability of the structure. We ﬁnd that the buckled
triangle borophene is stable under the strain region of −2.0%
≤ ϵ ≤ 3.1%, whereas for the β12 borophene, either compressive
strain or the tensile strain beyond 12% gives rise to its

than those of the experiment,13 but consistent with the
previous theoretical values,37 as shown in Figure 1a. The
corresponding band structures and EDOS are presented in
Figure 1c, which indicates that its pristine structure is metallic
and the DOS in FS N(EF) is 0.40 states/eV per unit cell,
coming mostly from the pz orbitals.
Figure 1b shows the structure of β12 borophene with the
symmetry Pmmm. After structural optimization, the lattice
constants along the a and b axes are 5.065 and 2.923 Å,
respectively, coinciding with previous results.29 The calculated
band structures and projected EDOS are given in Figure 1d.
The states at FS are mostly occupied with the pz electrons with
the N(EF) ∼ 1.15 states/(eV cell). When the strain is applied
on the borophene, the pz electrons make the primary
contributions to the EPC.
First, we calculate the possible superconductivity of the
pristine borophene. The phonon dispersion with phonon line
width γqν, phonon density of states, and Eliashberg spectral
functions α2F(ω) and λ(ω) for the buckled triangle borophene
and β12 borophene with no strain are shown in Figure 2a,b.
Our calculated phonon spectra for the buckled triangle
borophene and β12 borophene are consistent with reported
works.20,29,30 The enlarged view of the acoustic phonon modes
around the Γ point is linear or parabolic, as plotted in the inset
of Figure 2a,b, agreeing well with the case in the graphene and
silicene.26,41 There is no imaginary phonon mode in the
phonon dispersion, which shows that the pristine borophenes
are dynamically stable. Figure 2a shows that larger than 70% of
phonon line width γqν arises from the phonon frequency ∼15
THz around the Γ point, which is from the relative out-ofplane vibration between boron atoms. In the Eliashberg
spectral function, there is also a peak around ω ∼ 15 THz. But
its contribution to the EPC constant λ is less than 20%. This is
because the α2F(ω) is the function of γqν/ωqν (eq 1) and λ(ω)
16919
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Figure 4. Superconducting transition temperature Tc (magenta), EPC constant λ (royal), DOS of the FS N(EF) (wine), and logarithmically
averaged phonon frequency ωlog (orange) versus the strain ε for the (a) buckled triangle borophene and (b) β12 borophene, respectively.

Figure 5. Distribution map of wave-vector-resolved EPC constants λq for the buckled triangle borophene under diﬀerent biaxial strains from −2 to
3%.

tendency to ωlog when changing ϵ. Both the tensile and
compressive strains enhance the EPC. The superconducting
transition temperature Tc vs ϵ shows the similar trend with λ vs
ϵ except for ϵ = −2%, and a local minimum Tc = 24.75 K
appears at ϵ = 1%, as shown in Figure 4a. Because of the small
value of ωlog at ϵ = −2%, Tc sharply declines to 18.5 K. The
maximum Tc of about 32 K is reached at the strain of −1 or
3%. Considering the eﬀect of the substrate on the lattice
constants, the superconductivity may be realized experimentally in the metallic buckled triangle borophene with the Tc
between 24 and 32 K.
For the β12 borophene, Tc, λ, and N(EF) share the similar Ucurve variation with the strain range from 0 to 12%. The
minimum value locates at ϵ = 6%. However, the variation trend
of ωlog vs ϵ is in contrary with that of N(EF), λ, and Tc vs ϵ (see
Figure 4b). It means that with increasing strains, Tc is

instability. The phonon spectra of the buckled triangle
borophene under ϵ = −2.1 and −3.2% are displayed in Figure
3a,b, respectively. The instability originates from the softened
phonon mode along the X point to Γ point, which plays a
signiﬁcant role in the superconductivity. Figure 3c,d exhibits
the phonon spectrum for the β12 borophene with the critical
strains (−1 and 13%). The acoustic phonon modes around the
X point are softened by the strains. These softening phonon
can be understood by the Kohn anomaly.26,27
Figure 4a,b shows the strain eﬀects on Tc, λ, N(EF), and ωlog
for the buckled triangle borophene and β12 borophene,
respectively. When the strain applied on the buckled triangle
borophene ranges from −2 to 3%, the DOS at FS N(EF)
increases, whereas the logarithmically averaged phonon
frequency ωlog increases and then decreases with the maximum
at ϵ = 1%. However, the EPC constant λ is contrary in the
16920

DOI: 10.1021/acs.jpcc.8b03108
J. Phys. Chem. C 2018, 122, 16916−16924

Article

The Journal of Physical Chemistry C

Figure 6. Distribution map of wave-vector-resolved EPC constants λq for the β12 borophene under diﬀerent biaxial strains of 0, 2, 6, 8, 10, and 12%.

λ, whereas with the increasing tensile strain and compressive
strain, λq at the Γ is gradually weakened, while λq around 1/
2ΓX becomes stronger. When the strain is −2 or 3%, λq almost
concentrates around the 1/2ΓX point. We can conclude that
due to the lower acoustic phonon branch softened around the
1/2ΓX point undergoing the strain, the intensity of λq has a
large enhancement and the focus of λq transforms from the Γ
point to 1/2ΓX point gradually.
Figure 6 shows the distribution map of λq vs q for the β12
borophene applied with the tensile strain. Calculations of the
phonon dispersion suggest that the higher optical phonon
branches move down but the lower acoustic phonon branches
go upshift with increasing strain until ε = 10%. Because of the
seriously destroyed B−B bonds, the imaginary frequency
emerges between the Γ point and X point at the critical strains.
Similar to that of the buckled triangle borophene, λq (more
than 90%) at ε = 0% mainly distributes around the Γ point.
When applying a larger tensile strain, λq around the Γ point
disappears abruptly and scatters averagely in the q space and
the intensity of λq becomes smaller. Under the strain larger
than 10%, the intensity of λq begins to increase. The EPC
strength is determined by the pair number of the electron at FS
(N(EF)) and lower acoustic phonon. Combining with the Ucurve variation of N(EF), we can explain the variation of λ vs ϵ.

proportional to λ and N(EF) but inversely proportional to ωlog.
λ is strongly related with N(EF). It indicates that the
superconductivity in β12 borophene mainly depends on the
DOS at FS under the strain. Our calculated λ and Tc under 4%
≤ ϵ ≤ 8% approach to zero, which indicates the borophene
loses its superconductivity although it is still a metal. The EPC
in the β12 borophene is ﬁrst suppressed and then enhanced
under strain, which is diﬀerent from that in the phosphorene
and MoS2.27,28 The Tc at ε = 12% reaches 10.9 K with λ = 0.69,
which is smaller than that of the pristine structure.
To illustrate clearly the EPC mechanism under diﬀerent
strains, the distribution map of wave-vector-resolved EPC
constants λq has been shown in Figures 5 and 6. For the
buckled triangle borophene, in general, the phonon frequency
is softened by tensile strains and hardened by compressive
strains. However, one can note that there is a dip in the lower
acoustic phonon branch around the middle point between the
Γ−X path (denoted as 1/2ΓX point), as circled in the red line
in Figure 3a,b. When tensile or compressive strains are applied,
lower phonon frequencies around the 1/2ΓX always become
soft. As shown in Figure 5, λq changes a lot. The intensity of λq
is increased with the increasing tensile strain and compressive
strain. At ϵ = 0, λq locates around the Γ point. And the
intensity of λq around the Γ point makes up ∼85% of the total
16921
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β13 borophene, the three main peaks of α2F(ω) gradually move
from the low-frequency region (less than 10 THz) to the highfrequency region (larger than 20 THz) until the strain is 6%
and then moves back to the middle-frequency region.
Especially, at ε = 6%, the part of the Eliashberg spectral
function with the frequency less than 10 THz, making the main
contribution to the EPC under the pristine structure almost
disappears. That may explain the lost of the superconductivity
during 4% ≤ ϵ ≤ 8%. Compared with the pristine structure,
although the total intensity of α2F(ω) has been enhanced at ϵ
= 12%, the EPC constant λ and Tc decrease, the reason of
which is that just only 1/3 part of α2F(ω) distributes in the
low-frequency region, as can be seen in Figure 7b.
Because of the highly anisotropic structure of borophenes,
we also considered the uniaxial strain eﬀect on their
superconductivity. The uniaxial strains along the a and b
directions are applied on the buckled triangle borophene and
β12 borophene. The variation of the superconducting transition
temperature Tc, EPC constant λ, DOS of the FS N(EF), and
logarithmically averaged phonon frequency ωlog with the
uniaxial strains are shown in Figure 8a,b, respectively. For
the buckled triangle borophene, the structures are dynamically
stable under −2% ≤ εa ≤ 3% and −2% ≤ εb ≤ 8%. The largest
εb (8%) in the buckled triangle borophene is much larger than
that of the largest εa (3%), which can be explained by that the
elastic modulus along the a direction is about 380 GPa nm, 2
times larger than that along the b direction.42 Contrast with the
superconductivity of the buckled triangle borophene under the
biaxial strains, the superconducting transition temperature and
EPC constant decrease with the increase of the uniaxial strains
along both directions, while the variation of the DOS of the FS
and logarithmically averaged phonon frequency with εa and εb
are anisotropic. The imaginary phonon modes will appear in
the β12 borophene when the uniaxial strains are larger than
12% or less than −1%. Similar to the case under the biaxial
strains, the Tc, λ, N(EF), and ωlog vs εa or εb shares the same Ucurve trend. The eﬀects of the uniaxial strains εa and εb on the
superconductivity show a good isotropy. Although the lattice
of β12 borophene along the a and b directions exhibits diﬀerent
bucked conﬁgurations, the calculated mechanical properties
reveal that the elastic modulus along the a and b directions

The Eliashberg spectral function is an important quantity in
the calculation of Tc. Figure 7a,b shows α2F(ω) as a function

Figure 7. Eliashberg spectral function α2F(ω) as the function of ω.
(a) α2F(ω) vs ω for the buckled triangle borophene under diﬀerent
biaxial strains of 0% (black dash line), −2% (red), and 3% (blue). (b)
α2F(ω) vs ω for the β12 borophene under diﬀerent biaxial strains of
0% (black dash line), 6% (orange), and 12% (purple).

of ω under diﬀerent strains for the two types of borophenes,
respectively. The whole proﬁle of the Eliashberg spectral
function moves to a lower-frequency region with increasing
tensile strain, whereas it extends to a higher-frequency region
under the compressive strain. The reason is that tensile strains
soften the phonon spectrum and compressive strains stiﬀen it
overall. The intensity of the Eliashberg spectral function is
largely strengthened by both tensile and compressive strains in
the buckled triangle borophene, whereas for the β 12
borophene, it decreases with increasing tensile strain when it
is lower than 6% but then it increase sharply. Moreover, the
main peaks of α2F(ω) locate in the low-frequency range (0−10
THz) under critical strains of −2 and 3% in the bucked
triangle borophene, which strongly enhances the EPC. In the

Figure 8. Superconducting transition temperature Tc (magenta), EPC constant λ (royal), DOS of the FS N(EF) (wine), and logarithmically
averaged phonon frequency ωlog (orange) versus the uniaxial strains along the a (εa) and b (εb) directions for the (a) buckled triangle borophene
and (b) β12 borophene, respectively. The curves marked with the hollow and solid symbols represent the uniaxial strain applied along the a and b
directions, respectively.
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(190 and 210 GPa nm) are close.42 The mechanisms of the
uniaxial strain eﬀect on the superconductivity of both
borophenes also result from the stiﬀness or softening of the
low-frequency acoustic phonon modes caused by the uniaxial
strains.
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■

CONCLUSIONS
In this work, we have systematically investigated the strain
eﬀects on the structure stability, EPC, and superconductivity of
the buckled triangle and β12 borophene by ﬁrst-principles
calculations. In the pristine structures, we obtain the Tc of 25.8
K for the buckled triangle structure and 14.9 K for the β12
borophene. From the phonon dispersion spectra under
diﬀerent strains, we ﬁnd that the buckled triangle borophene
is stable under the strain region of −2.0% ≤ ϵ ≤ 3.2%, whereas
for the β12 borophene, either compressive strain or the strain
beyond 12% gives rise to its instability. The electron density of
states at FS, logarithmically averaged phonon frequency, EPC
constant, and Tc vs the strain have been presented. The highest
value of Tc reaches 32 K at ε = −1 or 3%. Both tensile and
compressive strains obviously enhance the EPC in the buckled
triangle borophene, whereas the EPC of the β12 borophene ﬁrst
decreases when the tensile strain is lower than 6% and then
increases until ε = 10%. Deep insight reveals that due to the
lower acoustic phonon branch softened around the 1/2ΓX
point undergoing the strain, the intensity of λq has a large
enhancement and the focus of λq transforms from the Γ point
to 1/2ΓX point gradually. Thus, Tc is increased except for ε =
−2% in the buckled triangle borophene. In spite of the large λ
at ε = −2%, Tc decreases a lot because of the very small value
of ωlog. For the β12 borophene, the EPC constant and
superconducting transition temperature show U-curve variations with the strain, which can be explained by the stiﬀness of
the lower acoustic phonon branches and the U-curve variation
of N(EF) mainly contributed by the pz states. The distribution
map of wave-vector-resolved EPC constants λq and the
Eliashberg spectral function α2F(ω) under diﬀerent strains
also suggests that the lower-frequency acoustic phonon
aﬀected by the strain plays an important role in the variation
of the superconductivity. We also discussed the uniaxial strain
eﬀect on the superconductivity of borophenes and found that
their eﬀects along a and b directions are isotropic.
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