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Based on the first-principles density functional theory electronic structure calculation, we investigate the possible
phonon-mediated superconductivity in arsenene, a two-dimensional buckled arsenic atomic sheet, under electron doping.
We find that the strong superconducting pairing interaction results mainly from the p.-like electrons of arsenic atoms and
the A; phonon mode around the K point, and the superconducting transition temperature can be as high as 30.8 K in the
arsenene with 0.2 doped electrons per unit cell and 12%-applied biaxial tensile strain. This transition temperature is about
ten times higher than that in the bulk arsenic under high pressure. It is also the highest transition temperature that is
predicted for electron-doped two-dimensional elemental superconductors, including graphene, silicene, phosphorene, and

borophene.
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1. Introduction

Recently there has been a surge of interest in the inves-
tigation of two-dimensional (2D) superconductors, partially
due to their potential application in nano-superconducting
devices.[!"?]' A pure 2D electronic system can be obtained by
growing a single layer graphite or other materials on a proper
substrate. The interplay between a 2D superconductor and
the substrate has proven to be an efficient way to enhance
superconductivity. For example, the superconducting transi-
tion temperature, T, of a single layer FeSe film deposited on
the (001) surface of SrTiOs is greatly enhanced>* in com-
parison with the bulk FeSe superconductor,! resulting from
the coupling between electrons and the phonon modes in the
substrate. (%!

Superconductivity in graphene, which is the first 2D com-
pound synthesized at laboratory, was extensively explored.
Through a plasmon-mediated mechanism, Uchoa et al. dis-
cussed properties of superconducting states in several metal
coated graphenes.!”! First-principles density functional the-
ory (DFT) calculations predicted that the monolayer LiCq and
CaCg are phonon-mediated superconductors with 7. of 8.1 K
and 1.4 K, respectively.® Later, the superconducting phase
was observed experimentally below 7.4 K in a Li-intercalated
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graphite thin film™ and 6 K in a Ca-decorated graphene. "]
Calculations of electron-phonon interactions suggested that T;,
of graphene can reach 23.8 K or even 31.6 K upon heavy
electron or hole doping under 16.5% biaxial tensile strain
(BTS),!'!I but experimental evidence for such high-T, super-
conductivity in doped graphenes is still not available.

In recent years, several new 2D materials, like sil-
icene, phosphorene, and borophene, were synthesized ex-
perimentally. Similar to graphene, phosphorene is obtained
by mechanically exfoliating layered black phosphorus.!?!
Silicene!'>!'* and borophene!'>!% were epitaxially grown
on Ag (111) surfaces. It was reported that there is a
charge transfer from the Ag (111) substrate to silicene!!'”!

16] substrate

or borophene.[ Furthermore, the imposes
strain to these single-layer materials, due to the lattice
mismatch.[16-18-201 These effects of the substrate should be
taken into account in the investigation of superconducting
properties in these materials.

The DFT calculation also showed that the superconduct-
ing transition temperature can reach 16.4 K in silicene upon
electron doping of nop = 3.51 x 10" cm™2 and 5%-BTS.[?!]
T:. of phosphorene was predicted to be 12.2 K under the dop-

ing of 2.6 x 10 cm~2 and 8%-uniaxial tensile strain along
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the armchair direction.*?! Applying 4%-BTS to phosphorene
can further increase 7, to 16 K.[23]

Unlike silicene and phosphorene, borophene is intrinsi-
cally a metal.['% A free-standing pristine borophene is pre-
dicted to superconduct around 20 K,?*> especially for the
x3-type borophene whose T, can be 24.7 K.!! This is the
highest superconducting transition temperature among pre-
dicted or observed 2D elemental superconductors without
doping. Unfortunately, the charge transfer and tensile strain
imposed by the Ag substrate suppress the superconducting or-
der dramatically. %326

Recently, a buckled single-layer honeycomb arsenic, i.e.,
arsenene, was proposed.!?”-?8] Unlike the semi-metallic bulk
gray arsenic, arsenene is a semiconductor with an indirect en-
ergy gap of 2.49 eV. More importantly, arsenene undergoes an
intriguing indirect-to-direct gap transition by applying a small
BTS. This makes arsenene a promising candidate of transistor
with high on/off ratios, optoelectronic device working under
blue or UV light, and 2D crystal-based mechanical sensor.[>’]
Furthermore, it was predicted that arsenene has a higher elec-
tron mobility than that of MoS,,**! and can become a unique
topological insulator under suitable BTS without considering
any spin-orbit coupling. 3%

In this work, we employ the first-principles DFT and the
Wannier interpolation technique to accurately determine the
electron—phonon coupling (EPC) properties of electron-doped
arsenenes. The phonon-mediated superconducting 7; is eval-
uated based on the McMillian—Allen—Dynes formula. With-
out applying BTS, 0.1 electrons/cell (hereafter e/cell) doping
can already turn arsenene into a superconductor with a su-
perconducting temperature above the liquid-helium tempera-
ture. T¢ increases to 10 K at 0.3 e/cell doping (i.e., nyp =
2.76 x 1014 cm’z). Moreover, we find that the A; phonon
mode at the K point contributes mostly to the EPC constant.
From the electronic point of view, the p.-like electronic or-
bitals of arsenic atoms couple strongly with phonons. By ap-
plying a BTS, the A; phonon mode is softened and the EPC
matrix elements are enhanced. This enlarges both the EPC
A and the superconducting transition temperature. Under a
0.2 e/cell doping and 12% BTS, T. of arsenene is predicted
to be about 30.8 K. To the best of our knowledge, this is the
highest T; predicted for 2D elemental superconductors upon
electron doping.

2. Computational approach

In the DFT-based electronic structure calculation, the

plane wave basis method is adopted.*!) We calculate the

[33]

Bloch states and the phonon perturbation potentials us-

ing the local density approximation and the norm-conserving

[32]

pseudopotentials. The kinetic energy cut-off and the

charge density cut-off are taken to be 80 Ry (1 Ry =

13.6056923(12) eV) and 320 Ry, respectively. A slab model
is used to simulate arsenene, in which a 12-A vacuum is added
to avoid the interaction between the neighboring arsenic sheets
along the c axis. Electron doping is simulated by adding elec-
trons into the system with a compensating background of uni-
form positive charges. For each doping concentration, the
atomic positions are relaxed but with fixed in-plane lattice con-
stants which are obtained by optimizing the lattice structure of
arsenene without doping.

The charge density is calculated on an unshifted mesh
of 60x60x 1 points, with a Methfessel-Paxton smearing!34!
of 0.02 Ry. The dynamical matrix and perturbation poten-
tial are calculated on a I'-centered 12x 12 x 1 mesh, within the
framework of density-functional perturbation theory.*>! Max-
imally localized Wannier functions**37! are constructed on a
12x12x1 grid of the Brillouin zone, using ten random Gaus-
sian functions as the initial guess. Fine electron (600x600x 1)
and phonon (200x200x 1) grids are used to interpolate the
EPC constant using the Wannier90 and EPW codes. 38411
Dirac d-functions for electrons and phonons are replaced by
smearing functions with widths of 15 and 0.2 meV, respec-
tively.

The EPC constant A is determined by the summation of
the momentum-dependent coupling constant A4, over the first
Brillouin zone or the integration of the Eliashberg spectral

function o>F (w) in the frequency space, #>43
1 a’F(®
kz*zlquz/ﬁd(l), (1)
Nq qVv w

in which N, represents the total number of g points in the fine
g-mesh. The coupling constant A4y for mode v at wavevector

q is defined by, [42.43]
hv= 2 Y L RsEnsel). @
= AN (0N & gy S| O (Ea)O ey

Here gy is the phonon frequency and g’,i qv 18 the probability
amplitude for scattering an electron with a transfer of crystal
momentum q. (i, j) and v denote the indices of energy bands
and phonon modes, respectively. efl and £,£ 4q Are the eigen-
values of the Kohn—Sham orbitals with respect to the Fermi
energy. N(0) is the density of states (DOS) of electrons at
the Fermi level. N is the total number of k points in the fine
Brillouin-zone mesh. The Eliashberg spectral function is de-

termined by, [4>43]

1
a’F(0) = E26((9—coqv)/lqva)qv. (3)

qVv

We calculate the superconducting transition temperature

using the McMillian—Allen—Dynes formula, (43]
Wiog —1.04(1+ 1)
T. = 4
e =TS S T 0o — @
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In Eq. (4), f1 and f> are the correction factors, which equal 1
when A < 1.3, and

fi = [T+ /A7), (5)
2 oo — 1 2’2
fz=1+(v<w£2/_“:'j22 ) ©)

when A > 1.3. Here Ay = 2.46(1 +3.81%), Ay = 1.82(1 +
6.31*)(1/(@?) / W1og). The effective screened Coulomb repul-
sion constant (* is set to 0.1, and

4
|

2 fdo ,
= — [ —a’F(w)l
exp [l/ 2 ¢ (w)logw |,

()

2 2
I/da)oc F(0)o.

3. Results and discussion
3.1. EPC in electron-doped arsenene

For a free standing arsenene without doping, we find that
the optimized lattice constant is 3.5411 A, in agreement with
the result, 3.5408 A, obtained by Zhang et al.”>”! Our calcu-
lation shows that arsenene is semiconducting with an indirect
band gap of 1.42 eV. The valence band maximum is at the I"
point, while the conduction band minimum is located on the
line between I" and M. Although the energy gap is underesti-

t,127 it does

mated in comparison with the HSEO6-level resul
not affect our EPC results since the shapes of conduction band

given by LDA and HSEQ6 are concordant.
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Fig. 1. (color online) Band structures of electron-doped arsenenes at four
doping levels: (a) 0.1 e/cell, (b) 0.2 e/cell, (c) 0.3 e/cell, and (d) 0.4 e/cell.
The Fermi energy is set to zero. The solid blue lines represent the band
structures obtained by first-principles DFT calculations. The red circles de-
note the band structures obtained by interpolation with MLWFs. (e)—(h)
Fermi surfaces correspond to the band structures shown in panels (a)—(d),
respectively.

Figure 1 shows the band structures with the correspond-
ing Fermi surfaces for four electron-doped arsenenes. At the

doping of 0.1 e/cell, there are six elliptical electron pockets
surrounding I". With the increase of the doping level, the area
enclosed by each pocket expands. Moreover, six small elec-
tron arcs emerge at the Fermi level around the six zone corners
when the doping level reaches 0.3 e/cell or above [Fig. 1(g)].
At higher doping, an electron pocket centred at the I point ap-
pears at the Fermi level [Fig. 1(h)]. The influence of electron
doping on fully occupied energy bands is negligible.

Figure 2 shows the phonon spectra of electron-doped ar-
senenes. At the doping of 0.1 e/cell, there is no imaginary
phonon frequency, indicating that this system is dynamically
stable. Moreover, there is a gap between the acoustic and
optical phonon modes. With the increase of doping, the op-
tical phonon modes are gradually softened. At higher dop-
ing, imaginary frequencies are found in the lowest acoustic
band near the I'" point [Figs. 2(b)-2(d)]. This kind of imag-
inary frequencies were also found in the phonon spectra of
borophene, ! arsenene,?3%1 germanene,** and other bi-
nary monolayer honeycomb materials.[*> It is not a sign of
structure instability. Instead, it results from the numerical in-
stability in the accurate calculation of rapidly decreasing in-
teratomic forces.*3! The largest contribution to A comes from
the A; mode in the lowest optical phonon mode around the K
point. A real-space picture of the eigen-vector of this mode is
shown in Fig. 2(e) and Fig. 2(f).
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Fig. 2. (color online) Phonon spectra of electron-doped arsenenes at four
doping levels: (a) 0.1 e/cell. (b) 0.2 e/cell. (c) 0.3 e/cell. (d) 0.4 e/cell. The
amplitude of the EPC constant, i.e., Aqy is mapped by different colors. Pan-
els (e) and (f) show the top and side views of the A} optical phonon mode in
real space.

The Eliashberg spectral function &?F(®) shows two
main peaks [Fig. 3]. The lower-frequency peak results from
the A; phonon mode around the K point. In comparison with
the peak at the 0.1 e/cell doping, the peak position shifts to-
wards lower frequency at higher doping. The higher-frequency
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peak is also mainly the contribution of the lowest optical
phonon excitations, especially those between I and M. Even
though the EPC A4y of these phonons along I'-M is smaller
than that of the A; mode at the K point, the density of states is
higher.
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Fig. 3. (color online) Frequency dependence of the Eliashberg spec-
tral function a?F (@) and A(w) for four electron-doped arsenenes: (a)
0.1 e/cell. (b) 0.2 e/cell. (c) 0.3 e/cell. (d) 0.4 e/cell. A() is defined by

221/ a?F (o) de'.

Table 1. Predicted superconducting transition temperature 7; and other
parameters obtained by the first-principles calculation at various doping
(e/cell) and BTS € (%): N(0), frequency of A; phonon @(A;) (meV),

A, @og (meV), /(w?) (meV), and T; (K).

Doping &  N(0) (A1) 24 o (0?) T
0.1 00 037 1808 076 981 1685 47
02 00 040 1572 127 565 1285 63
03 00 061 1693 112 1066 1621  10.1
04 00 091 1708 091 986 1516 69
02 20 045 1489 145 646 1294 97
02 40 054 1118 190 657 1185 136
02 60 064 783 277 688 1040  19.6

0.2 8.0 0.77 6.06 427 599 8.86 24.4
0.2 120 1.16 7.85 6.12 541 8.53 30.8

Based on the above results, we calculate the supercon-
ducting transition temperature 7, using the McMillian—Allen—
Dynes formula.*3! The results, together with other key param-
eters, are presented in Table 1. Without BTS, T, shows a maxi-
mum at 0.3 e/cell. A at 0.2 e/cell is larger than that at 0.3 e/cell
due to the considerable contribution from the acoustic phonon
modes at the former doping [Fig. 2(b)], but the corresponding
T: is lower than the latter case.

The EPC constant A is determined by the DOS, the
phonon frequency gy, the EPC matrix element | g’,i qv|, and
other parameters. In order to determine which effect has the
largest contribution to A, we calculate the following two quan-
tities

)8(el1,)s ™)

E(q) = 23

tﬂc

Y(q Z | kqv

l]Vk

e)S(el,,).  ®

£(q) is a modified Fermi surface nesting function, in which
N(0) is also included. y(q) is the nesting function weighted
by the EPC matrix element | g’,i av

Figure 4 shows &(q), Y(q), and A(q) (calculated through
Y.y Agv) for the four electron-doped arsenenes. At each dop-
ing level, the similarity between & (q) and A(q) indicates that
the strong EPC of the A; phonon mode mainly comes from
the peak in the nesting function &(q) around the K point.
The relatively lower vibrational frequencies of strongly cou-
pled phonon modes at the 0.2 e/cell doping lead to the sharp
peaks between I" and M and the largest . A(q) at 0.1 e/cell
is comparable to that at 0.2 e/cell [Fig. 4(c)]. However, A is
a summation over the whole Brillouin zone. For the cases of
0.2, 0.3, and 0.4 e/cell doping, there is a certain amount of g
points which have substantial contribution to A(q) [Fig. 4(d)
and Fig. 4(e)] but are not located along the I'-M—-K-I" high-
symmetry line.

— 0.1 e/cell
—0.2 e/cell
—0.3 e/cell
——0.4 e/cell

Fig. 4. (color online) Modified Fermi surface nesting function &(q)
(@), Y(q) (b), and A(q) (c) of electron-doped arsenenes. Panels (d) and
(e) represent the A(q) in the whole Brillouin zone for 0.1 e/cell and
0.2 e/cell doping, respectively. It is noted that the reciprocal unit cell
instead of the first Brillouin zone is used.

3.2. EPC under BTS

The BTS is measured by € = (a — ag)/ag x 100%, where
ap and a are the lattice constants without and with strain, re-
spectively. Without doping, arsenene remains in the semicon-
ducting phase under BTS up to 12%.1*7! In order to study the
BTS effect on the superconducting properties, we calculate the
EPC of biaxial strained arsenenes under 0.2 e/cell doping.
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At 4% BTS, as shown in Fig. 5(b), the conduction band
minimum moves to the I" point. This leads to a direct band gap
of 1.67 eV, resembling the indirect-to-direct band-gap transi-
tion in the undoped arsenene under 4% BTS.?”] With the in-
crease of BTS, the conduction band along the I'-M line be-
comes less dispersive [Figs. 5(c)-5(d)], which enlarges the
DOS at the Fermi level [see Table 1]. Furthermore, the applied
BTS lowers the conducton-band energy at the I" point, which
enables an electron pocket around the I" point to emerge at
the Fermi surface and reduces the volume of the six elliptical
Fermi surface sheets.

4
%2

S

r M K r r M K r
(e) () (8) (h)
QOO bga an mco)a
OOQ OOQ aom ah

Fig. 5. (color online) Band structures of arsenenes with 0.2 e/cell elec-
tron doping under (a) 2%, (b) 4%, (c) 6%, and (d) 8% BTS. (e)—(h) The
Fermi surfaces correspond to the band structures shown in panels (a)—
(d), respectively.
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Fig. 6. (color online) Phonon spectra of arsenenes under (a) 2%, (b) 4%,
(c) 6%, and (d) 8% BTS. The amplitude of A4y is mapped by different
colors.
Figure 6 shows the phonon spectra of strained arsenenes.
By applying the BTS, the phonon frequencies are softened,
especially for the A; phonon mode around the K point. Mean-
while, the EPC from the lowest acoustic phonon band between
the I and M points becomes stronger and stronger with the
increase of BTS. Again, the phonon frequency in the lowest

phonon band becomes imaginary around the I" point. Fur-
ther calculation, however, suggests that the 0.2 e/cell doped
arsenene remains dynamically stable under 14% BTS, slightly
smaller than the critical strain, 18.4%, as obtained in the un-
doped arsenene. 3!

When the applied BTS is less than 4%, the two-peak
structures of o>F (@) are preserved [Fig. 7(a) and Fig. 7(b)].
With the increase of BTS, a>F () around 5 meV is enhanced.
This enhancement arises from the softening of the A mode
and the enhancement of the EPC in the lowest acoustic phonon
band between I' and M. We also calculate &(q), y(q), and
A(q) for arsenene at different BTS [Fig. 8]. Similar to the case
of the BTS-free arsenene, &(q) is not a hegemonic factor that
determines A. In contrast, an obvious separation among the
four curves in y(q) is observed. This separation results from
the matrix element | gf,i qv| around the Fermi level [Fig. 8(b)].
It is further enhanced by the softening of strongly coupled
phonon modes [Fig. 8(c)], giving rise to a T; as high as 30.8 K
at 8% BTS.
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Fig. 7. (color online) Eliashberg spectral function o>F(®) and A (w)
the strained arsenenes with (a) 2%, (b) 4%, (c) 6%, and (d) 8% BTS.
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Fig. 8. (color online) £(q), ¥(q), and A(q) of strained arsenenes.
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To determine which electron band contributes most to the
EPC, we calculate Ag; defined by
) 1 . . .
Y —lel W [8(e)d(el,,), O

hN(0)Ny &5 @qv

Ai =

where i is the band index of electrons. Ay; describes the scat-
tering process of an electron from the i-th band to other bands
by a phonon with momentum q and branch v. It represents the
contribution of electrons with momentum k at the i-th band to
the EPC.

(a)

Fig. 9. (color online) (a) and (c¢): Three-dimensional views of Ag; in the re-
ciprocal unit cell. Panels (b) and (d): charge densities of electrons that cou-
ple most strongly with phonons. Panels (a) and (b) correspond to 0.4 e/cell
doping without BTS. Panels (c) and (d) correspond to 0.2 e/cell doping with
8% BTS.

For all the cases we have studied, we find that A; behaves
similarly. Here we only show the results for the 0.4 e/cell dop-
ing without BTS [Fig. 9(a)] and for the 0.2 e/cell doping with
8% BTS [Fig. 9(c)]. By comparing the contour picture of Ag;
with the Fermi surface shape shown in Fig. 1(h) and Fig. 5(h),
we find that the main contribution to the EPC comes from the
elliptical Fermi surface sheets. In particular, the points near
M contribute most to the EPC. The charge density of these
electrons shows a p,-like character [Fig. 9(b) and Fig. 9(d)],
indicating that it is the p, orbital of arsenic atom that couples
most strongly with phonons.

The maximal superconducting 7; of 23.8 K is predicted
for 4.65x10' cm~? electron-doped graphene under 16.5%
BTS. Realistically, realizing such requirements in graphene
may be very difficult in experiment. The advantage in the
case of arsenene is that the high-7; superconductivity above
30 K may be obtained under a relatively smaller doping den-
sity (1.28x10' cm~2) and BTS (12%). Recently, multilayer
arsenenes were successfully grown on InAs using the plasma-
assisted process.!*®! The bulk gray arsenic, which is the most
stable phase among all arsenic allotropes,*”! could be used
as a precursor to prepare arsenene.>’28] By growing arsenene
on a piezoelectric substrate, one can control BTS by applying
a bias voltage to elongate or shorten the lattice constants. ']
The electron doping can be achieved either by chemical dop-
ing or substitution, or by liquid or solid gating.*%41 Thus it is
feasible to verify our prediction experimentally.

4. Conclusion

Based on the first-principles DFT electronic structure cal-
culation, we predict that the semiconducting arsenene can be-
come a phonon-mediated superconductor upon doping of elec-
trons. The maximal superconducting transition temperature is
found to be around 10 K in the doped arsenene. It can be fur-
ther lifted to 30 K by applying a 12% BTS. The superconduct-
ing pairing results mainly from the A; phonon mode around
the K point and the p,-like electrons of arsenic atoms.
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