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Antimonene is a recently discovered two-dimensional semiconductor with exceptional environmental stability,
high carrier mobility, and strong spin-orbit interactions. In combination with an electric field, the latter provides
an additional degree of control over the material’s properties because of induced spin splitting. Here, we report
on a computational study of electron-phonon coupling and superconductivity in n- and p-doped antimonene,
where we pay special attention on the effect of the perpendicular electric field. The range of accessible hole
concentrations is significantly limited by the dynamical instability, associated with strong Fermi-surface nesting.
At the same time, we find that in the case of electron-doping antimonene remains stable and can be turned into
a state with strong electron-phonon coupling, with the mass enhancement factor λ of up to 2.3 at realistic charge
carrier concentrations. In this regime, antimonene is expected to be a superconductor with the critical temperature
of ≈16 K. Application of bias voltage leads to a considerable modification of the electronic structure, affecting
the electron-phonon coupling in antimonene. While these effects are less obvious in the case of electron-doping,
the field effect in hole-doped antimonene results in a considerable variation of the critical temperature, depending
on bias voltage.

DOI: 10.1103/PhysRevB.99.064513

I. INTRODUCTION

Antimonene is a recent addition [1,2] to a growing family
of elemental two-dimensional (2D) materials. This monolayer
phase of antimony adopts a buckled honeycomb lattice (D3d

point group), similar to those of silicene [3] and germanene
[4] or more recently discovered blue phosphorene [5]. Struc-
turally, antimonene is identical to a single layer of bulk anti-
mony, which possesses a layered rhombohedral structure with
a D3d point group. Antimonene was successfully obtained by
various experimental techniques [6], including but not limited
to epitaxial growth [7] and liquid- and solid-phase exfoliation
[8,9]. Based on both experimental observation and ab initio
modeling [1,9], antimonene is believed to be a material with
remarkable stability in air and water [7,9]. This alone makes
antimonene an appealing candidate for various applications
because instability at realistic conditions is one of the main
factors limiting the application of 2D materials [10,11]. From
a fundamental point of view, characteristic feature of anti-
monene is a strong spin-orbit coupling (SOC) [12], with the
intraatomic SOC constant λSOC = 0.34 eV. A proper account
of SOC is important for a correct description of the electronic
structure and effective masses [12]. Antimonene is expected
to have high charge carrier mobility [13] comparable to or ex-
ceeding that of the other 2D semiconductors. Besides, mono-
layer Sb is an indirect band semiconductor with a theoretically
estimated band gap of 1.2 eV [14]. These properties make
antimonene suitable for application in electronic [13] and
optical devices [14], where thickness- and strain-tunable band
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gap could provide an additional control over the material’s
properties [1,15].

Superconductivity is not uncommon for two-dimensional
materials [16]. It is observed in thin films [17], atomic sheets
[18], surface atomic layers [19], and other 2D structures of
various chemical compositions. Recent experimental works
[18,20] revealed superconductivity in graphene laminates with
the critical temperatures Tc in the range of 4–6 K. Mag-
netization measurements of intercalated black phosphorus
reveal Tc = 3.8 ± 0.1 K, which was shown to be the same for
different intercalants [21]. Also, a large number of experimen-
tal measurements of Tc were recently performed for doped
2D transition metal dichalcogenides: WS2 and NbSe2 were
demonstrated to be superconducting below 3 K [22,23], while
MoS2 was reported to have Tc in the range of 7–11 K [24,25].
Superconductivity in two dimensions is especially interesting
in view of the possibility of controlling the electronic structure
of 2D materials by strain, electric field, thickness, or substrate.
Superconducting 2D materials also appear as an appealing test
bed for studying interface phenomena and proximity effects.
In particular, 2D materials can be implemented as a part of the
Josephson junction [26,27].

Computational studies predicting the superconductivity
in monolayer graphene [28,29] and phosphorene [30] were
preceding the experimental observations [18,20,21]. Also,
superconductivity at nonzero charge doping has already been
predicted for recently proposed arsenene [31] (monolayer As),
as well as for silicene [32]. Experimental data on super-
conductivity of these materials are not available yet. While
theoretical studies lack realistic accounts of the experimen-
tal setup, they allow study of the underlying mechanisms
of superconductivity, for example, the key contributions to

2469-9950/2019/99(6)/064513(13) 064513-1 ©2019 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.99.064513&domain=pdf&date_stamp=2019-02-27
https://doi.org/10.1103/PhysRevB.99.064513


LUGOVSKOI, KATSNELSON, AND RUDENKO PHYSICAL REVIEW B 99, 064513 (2019)

electron-phonon coupling or important changes of electronic
structure due to charge carrier doping [33]. Additionally, there
is an opportunity to study modifications of the electronic
structure and electron-phonon coupling properties including
Tc in the presence of strain [30] or other external factors.
Neither calculations nor measurements of Tc are available in
the literature for doped antimonene.

In this paper, we present a systematic study of the electron-
phonon coupling and conventional superconductivity in n-
and p-doped antimonene. To this end, we use a combina-
tion of density functional theory (DFT) [34,35] and density
functional perturbation theory (DFPT) [36] in conjunction
with the formalism of maximally localized Wannier functions
(MLWF) [37,38]. Besides charge doping, we also consider
the role of an electric field applied in the direction per-
pendicular to the atomic layer, which allows us to mod-
ify the band structure. Considering the interplay of these
effects is interesting for a number of reasons. For exam-
ple, the perpendicular electric field allows us to control the
band gap and effective masses in silicene and germanene
[39,40], as well is in few-layer phosphorene [41–43], where
it is possible to transform material from normal insulator
to topological insulator or metal. Besides this, perpendicular
electric field breaks inversion symmetry, which, in combi-
nation with strong SOC, induces spin splitting of both va-
lence and conduction bands [44]. This case is observed, for
example, in experimental work [25], where setup combin-
ing liquid and solid gating is used to study superconduc-
tivity in MoS2 flakes, and ionic liquid naturally creates the
environment for emergence of perpendicular electric field.
Since SOC in antimonene is strong, this situation is partic-
ularly interesting to study. For these reasons, we study the
dependence of the electron-phonon coupling on bias volt-
age.

The rest of the paper is organized as follows. We first
present the theory and computational methods used to calcu-
late the electron-phonon coupling and superconducting criti-
cal temperatures, and also discuss the relevant approximations
(Sec. II). We then give a description of the calculated elec-
tronic structure and phonon dispersion of antimonene (Sec.
III A). Main results are presented in Sec. III B, where we
discuss the obtained dependencies of Tc and electron-phonon
coupling strength, as well as superconducting transition tem-
peratures on charge carrier concentrations, with a detailed
consideration of the most important cases. The effect of a
perpendicular electric field (bias voltage) is analyzed and
discussed in Sec. III C. In Sec. IV, we summarize our results
and conclude the paper.

II. THEORETICAL BACKGROUND AND
COMPUTATIONAL DETAILS

A. Electron-phonon coupling and Allen-Dynes-McMillan
equation

In this section, we give a short theoretical description
of the electron-phonon coupling and its relation to super-
conductivity. More detailed description of the theory from
the viewpoint of ab initio calculations can be found in
Ref. [45].

The interaction of electrons with phonons is described by
the matrix elements

gmn,ν (k, q) =
(

h̄

2m0ωqν

)1/2

Mν
mn(k, q), (1)

where

Mν
mn(k, q) = 〈ψmk+q|∂qνV |ψnk〉 (2)

and ψnk is the electronic Bloch function for band n and wave
vector k; ∂qνV is the derivative of the self-consistent potential
associated with the phonon of wave vector q, branch index ν,
and frequency ωqν ; and m0 is the atomic mass.

It is useful to define a dimensionless representation of the
electron-phonon coupling associated with the single-phonon
mode ν and wave vector q as an average over the Fermi
surface:

λqν = 1

NFωqν

∑
mn,k

wk|gmn,ν (k, q)|2

× δ(εnk − εF )δ(εmk+q − εF ), (3)

which is closely related to the Eliashberg electron-phonon
spectral function α2F (ω)

α2F (ω) = 1

2

∑
qν

wqωqνλqνδ(ω − ωqν ), (4)

where wk (wq) is the symmetry-dependent weight of k (q)
points, εnk(εmk+q) is the electronic energy, and NF is the
density of states (DOS) at the Fermi energy, εF .

Besides λq,ν , we also consider the nesting function ξq as
defined in Ref. [46]:

ξq =
∑
mn,k

wkδ(εnk − εF )δ(εmk+q − εF ). (5)

While the nesting function is independent of electron-phonon
coupling matrix elements, it provides the understanding of ef-
fects of Fermi surface topology on effective electron-phonon
coupling. It is important to mention that the singularities of
nesting function, associated with such topological phenomena
as Fermi surface nesting, may result in a high electron suscep-
tibility at specific q, thus increasing the value of λ. Additional
effects can be related to softening of phonon frequencies near
the q-points, due to the giant Kohn anomaly [47].

The critical temperature of the superconducting transition
according to the McMillan equation [48], modified by Allen
and Dynes [49], can be estimated as

Tc = ωlog

1.2
exp

[
− 1.04(1 + λ)

λ − μ∗
c (1 + 0.62λ)

]
, (6)

which is based on the superconductivity theory of Migdal and
Eliashberg [50,51]. Although derivation of Eq. (6) contains
a number of approximations, it is a reasonable starting point
for the estimation of Tc. In Eq. (6), μ∗

c is the Morel-Anderson
effective Coulomb potential [52],

ωlog = exp

[
2

λ

∫ ωmax

0
dω

α2F (ω)

ω
log ω

]
(7)
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is the logarithmically averaged phonon frequency, and

λ =
∑
qν

wqλqν (8)

is the total Fermi energy-dependent electron-phonon coupling
strength, which is also known as the mass-enhancement fac-
tor [53]. In the present paper, μ∗

c is considered as a phe-
nomenological parameter with the typical values in the range
of 0.1–0.2 [45,48,49]. Among 2D materials, the Coulomb
pseudopotential was estimated more rigorously for monolayer
graphene in Ref. [29] (μ∗

c = 0.16) and Ref. [28] (μ∗
c = 0.1),

bilayer graphene (μ∗
c = 0.155) in Ref. [54], as well as NbS2

(μ∗
c = 0.2) in Ref. [55]. We note that an accurate estimate of

μ∗
c requires an account of dielectric screening, and therefore

would be strongly influenced by the underlying substrate.

B. Calculation details

The initial electronic structure and crystal structure op-
timization calculations were performed at the DFT level as
implemented in the plane-wave QUANTUM ESPRESSO (QE)
code [56,57], using fully relativistic norm-conserving pseu-
dopotentials. Exchange and correlation were treated with the
local density approximation (LDA). The kinetic energy cutoff
for plane waves was set to 90 Ry, the Brillouin zone was
sampled with a (16 × 16) Monkhorst-Pack k-point mesh [58],
and the electronic state occupancies were treated as fixed.
The crystal structure was fully relaxed with a threshold of
1 × 10−12 eV for total energies and 1 × 10−12 eV/Å for
forces. The vacuum thickness of 30 Å was used to avoid spuri-
ous interactions between the supercell periodic images in the
direction perpendicular to the 2D plane. The Brillouin zone
for phonons within DFPT was sampled by a (16 × 16) q-point
mesh, and the self-consistency threshold of 1 × 10−16 eV was
used.

Electronic structure, dynamical matrices, and electron-
phonon matrix elements obtained from DFT and DFPT cal-
culations were used as the initial data for Wannier inter-
polation within the MLWF formalism, as implemented in
EPW [37,59]. The calculation of the electron-phonon-related
properties was performed on dense grids of (432 × 432) k-
and (208 × 208) q-points, which ensures the numerical con-
vergence of the results presented in this work.

C. Role of charge doping, out-of-plane acoustic phonons,
and bias voltage

In this work, we simulate the charge carrier doping of
antimonene using the rigid band-shift approximation, that
leaves the electronic structure and phonon dispersion un-
changed. Typically, charge doping in 2D materials mainly
affects the out-of-plane mode and optical phonons [29–31]. At
the same time, out-of-plane acoustic mode (ZA) is not taken
into account in our calculations. Although consideration of
ZA mode may be important for a fundamental understanding
of the associated effects, it is of little practical interest for the
superconductivity studies: Interaction of 2D materials with
a substrate would suppress out-of-plane vibrations making
the already small coupling of electrons with these modes
negligible. Furthermore, a correct description of such effects

is not trivial within the slab geometry. An accurate description
of electrons coupling with out-of-plane phonon modes is
presented in Ref. [60] for doped graphene, where it is also
shown that the contribution from ZA mode is negligible.
Optical phonons, as we show below, have a minor effect
on the electron-phonon coupling and Tc. Therefore, the rigid
band-shift approximation is justified for the purpose of our
study. The charge carrier concentration δρ is thus chosen in
accordance with the ground-state DOS and the Fermi energy,
δρ(εF ) = ∫ εF

0 dε ρ(ε).
We consider both n- and p-doping cases. We limit our-

selves to the concentrations less than 1 × 1015 cm−2. Al-
though such charge carrier concentrations correspond to a
heavy doping regime, they are not unrealistic. Electron con-
centrations of the order of 1 × 1015 cm−2 are achievable in
thin metallic films by means of electrochemical techniques
[61]. Smaller electron and hole concentrations of the order
of 1 × 1014 cm−2 can be achieved by liquid gating [62] and
solid-electrolyte gating [63]. At the same time, the presence
of the strong Fermi-surface nesting [47,64,65], as well as high
charge carrier concentrations may lead to the loss of structural
stability of the system. Since such instabilities cannot be
detected within the rigid band approximation, we also con-
sider lattice dynamics of antimonene using the jellium doping
method, as implemented in the DFT code used. For every
doping case, relaxation of atomic positions is performed,
while the lattice parameter of undoped antimonene was used
to model the behavior of the system on a substrate.

To simulate the effect of a perpendicular electric field, we
consider a tight-binding Hamiltonian obtained in the MLWF
basis and add position-dependent bias voltage, yielding the
following Hamiltonian:

H =
∑

i j

ti jc
†
i c j + Vb/d

∑
i

zic
†
i ci, (9)

where the sum runs over the real-space MLWF orbitals i and
j, c†

i , ci (c j) are the creation and annihilation operators of
electrons on the corresponding orbitals, zi is the z component
of the position operator of the orbital i, ti j is the corresponding
hopping integral, d is the buckling constant, and Vb is bias
voltage applied to the upper and lower planes of antimonene.
It is worth mentioning that since the consideration of electric
field is not performed in the self-consistent manner, as is done,
for example, in Ref. [66], additional screening arising due to
the charge carrier doping is not taken into account in our cal-
culations; thus, the bias effect is quantitatively overestimated.

III. RESULTS AND DISCUSSION

A. Electronic structure and phonon dispersion

We find the calculated relaxed lattice parameter of free-
standing antimonene to be a = 4.0 Å with the bond length
b = 2.82 Å and buckling constant d = 1.6 Å. The structure
and calculated parameters are illustrated in Fig. 1. The found
values are consistent with previously reported data [67]. The
corresponding electronic band structure is given in Fig. 2(a),
from which one can see that antimonene is an indirect gap
semiconductor with the gap width of 0.7 eV. The obtained
value is less than 1.0 and 1.2 eV obtained in Refs. [12,14],
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FIG. 1. Crystal structure of hexagonal antimonene; red lines
denote the hexagonal unit cell, used in calculations. Lattice param-
eter, buckling constant, and bond length, denoted as a, d , and b
respectively, are also given on the figure.

due to the differences in exchange-correlation functional,
but agrees well with the value reported in Ref. [67]. The
band structure and DOS [Fig. 2(b)] display high degrees
of electron-hole asymmetry even at small Fermi energies,
unlike those of typical 2D materials including graphene and
phosphorene.

FIG. 2. Electronic structure of antimonene. (a) Band structure
plotted along high-symmetry directions of the Brillouin zone. (b)
DOS in the relevant charge carrier concentration range. Horizon-
tal lines on panels (a) and (b) mark the following charge carrier
concentrations (from bottom to top): Nh = 1 × 1015 cm−2, Nh =
3.7 × 1014 cm−2, Ne = 4 × 1014 cm−2, and Ne = 1 × 1015 cm−2. The
corresponding Fermi surface contours are given in subplots (c)–(f).

FIG. 3. Phonon specturm of antimonene. (a) Phonon dispersion
plotted along high-symmetry directions of the Brillouin zone. (b)
Phonon DOS.

At negative Fermi energies (hole doping), the Fermi sur-
face is initially formed by one valence band. As the Fermi
energy reduces, second and third occupied bands get involved,
forming three concentric pockets [see Fig. 2(c)]. In the K-�
direction of the electronic structure, one can see a flat region
in the valence band, which gives rise to a van Hove singularity
(VHS) in DOS (ε = −1.3 eV in Fig. 2). The corresponding
constant-energy contour is shown in Fig. 2(d), which exhibits
a hexagonal warping. This topology opens up a possibility
for the scattering between the parallel regions of the surface,
known as the Fermi surface nesting [47,68]. In this case,
one can expect an increase of the electron-phonon coupling
strength at the corresponding charge carrier concentrations
(Nh = 3.7 × 1014 cm−2). Further reduction of the Fermi en-
ergy leads to a widening of the contours accompanied by
the bending of the hexagons, suppressing the nesting effect.
The topology of the Fermi surface at positive Fermi energies
(electron-doping) is determined entirely by a single conduc-
tion band, yet involving multiple valleys. At small energies,
the surface is formed by six closed droplet-shaped pockets,
originating from the valleys centered along the �-M direction.
Additional circle-shaped pockets appear as the Fermi energy
reaches the valley at the K point [Fig. 2(e)]. Further increase
of the Fermi energy results in a VHS originating from the band
bending around the M point.

At even higher conduction band fillings, there is a distinc-
tive change in the Fermi surface topology. Namely, previously
closed pockets become connected, and an additional valley
emerges around � [circle region in Fig. 2(f)]. Similar to
the valence band, one can see a hexagonal warping around
the K point, which gives rise to a VHS (ε = 1.2 eV in
Fig. 2), corresponding to a heavy electron-doping with Ne =
1.0 × 1015 cm−2.

Calculated phonon spectra is given in Fig. 3. While the
impact of SOC on the electronic structure is notable, it is
significantly less prominent in the context of lattice dynam-
ics. In the long-wavelength limit, the frequency changes are
nearly unnoticeable, introducing the difference below 1%.
At higher q, particularly in vicinity of K high-symmetry
point, the difference in acoustic phonon frequency reaches
5%. Frequencies of optical phonon modes, particularly ZO
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FIG. 4. DOS [(a), (b)] and critical temperature [(c), (d)] dependencies on charge carrier concentration for antimonene. Vertical dotted lines
mark considered charge carrier concentrations. Multiple points for single Nh/e on panels (c) and (d) represent Tc at different values of μ∗

c (0.1,
0.12, …,0.2) from top to bottom. Red symbols and lines on panels (c) and (d) mark Tc values at μ∗

c = 0.1. Dashed lines on bottom panels serve
as a guide to the eye.

and LO, demonstrate comparable changes. Overall phonon
spectra with SOC taken into account only slightly differs from
that of without SOC (see the Supplemental Material (SM)
[69], Fig. S1). In comparison to other elemental 2D materi-
als, antimonene has considerably lower phonon frequencies,
which results, for example, in low thermal conductivity, as
seen in Ref. [70]. Elastic constants can be estimated from
the frequencies of long-wavelength phonons, using the ex-
pression ων = q

√
Ci j/ρ2D, where Ci j is the elastic constant,

related to acoustic phonon mode ν, and ρ2D is the mass
density of 2D material. Out-of-plane phonon mode ZA with
quadratic dispersion at low q is related to bending rigidity κ

in the following way: ωZA = q2√κ/ρ2D. Thus, independent
2D elastic constants of antimonene would have the follow-
ing values: C11 = 2.1 eV/Å2, associated with LA phonon
mode, and C66 = 0.8 eV/Å2, associated with TA phonon
mode, while C12 = C11 − 2C66 = 0.5 eV/Å2 and Young mod-
ulus E = (C2

11 − C2
12)/C11 = 2.17 eV/Å2. The corresponding

sound velocities are vs,LA = 3.4 km/s and vs,TA = 2.1 km/s.
The bending rigidity associated with ZA phonons is κ =
0.3 eV. These values are significantly smaller than the elastic
moduli and speed of sound of graphene, as well as black
and blue phosphorene [71,72]. Indeed, in contrast to light
elements, heavy antimony atoms suppress vibrations, leading
to smaller frequencies. Finally, it is interesting to make a
note of the role of anharmonic effects in antimonene. The
characteristic cutoff wave vector below which anharmonic
corrections become dominant is given by q∗ =

√
3TRE

16π ·κ2 . At
room temperature TR = 300 K, it can be estimated as q∗ =
0.2 Å

−1
, which is an order of magnitude larger than for black

phosphorus [73] and comparable with graphene [74]. In the
context of superconductivity, however, these effects are not
relevant.

B. Superconductivity and electron-phonon coupling

Calculated values of Tc at various charge carrier concen-
trations are presented in Fig. 4. As can be seen, the concen-
trations resulting in the highest critical temperatures for both
holes and electrons correlate with VHS of the corresponding
charge carrier DOS. The highest value Tc = 17 K is achieved
for the hole doping with Nh = 3.7 × 1014 cm−2. In the case
of electron-doped antimonene, the highest value is compa-
rable (Tc ≈ 16 K) yet it is observed at significantly higher
charge carrier concentration, Ne = 1 × 1015 cm−2. In all con-
sidered cases, Tc decreases by 2–3 K at the maximum chosen
μ∗

c = 0.2.
For the sake of comparison with experimental results, let

us consider reference experimental concentrations reported
recently. In the context of superconductivity of intercalated
graphene laminates, chemical doping was utilized leading to
Tc in the range 6–6.4 K at Ne ≈ 1 × 1014 cm−2 [18,20]. At
this concentration antimonene demonstrates slightly lower Tc

right above the liquid helium temperatures (4.2 K). How-
ever, charge carrier concentrations achievable by the elec-
trostatic doping [62,63,75] yield higher critical temperatures:
6.6–10.4 K at 2–5 × 1014cm−2 with a local maximum at
4.1 × 1014 cm−2. In case of the hole doping, Tc vanishes
rapidly with increasing μ∗

c at charge carrier concentrations be-
low 2 × 1014 cm−2, mainly due to small DOS. In the vicinity
of VHS, Tc increases rapidly: At 3 × 1014 cm−2 we find Tc =
15.4 K. Our estimation for Tc in antimonene is comparable
with that of phosphorene, according to the calculations re-
ported in Refs. [19,30]. At Ne = 7 × 1014 cm−2, both materi-
als yield Tc ≈ 10 K with phosphorene showing slightly higher
values. At smaller concentrations, antimonene shows better
results: At 1–4 × 1014 cm−2 electron-doped phosphorene is
predicted to have Tc in the range of 0.5–5 K, while antimonene
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FIG. 5. Contributions to total electron-phonon coupling (λp) and critical temperature (Tc) as functions of hole (a) and electron (b)
concentrations. Gray pentagons denote critical temperatures at μ∗ = 0.1. Gray shaded region represents variability of Tc with respect to
μ∗. Red triangles denote total electron phonon coupling. Contributions to λp from acoustic and optical phonon modes are shown by green
squares and blue circles, respectively. Dashed horizontal line corresponds to λ = 1.3.

exhibits Tc = 10 K. Application of strain to phosphorene can
change the situation: Tc of phosphorene in this case can be
tuned to exceed those of monolayer Sb in the aforemen-
tioned concentration range [19,30]. Calculated values of Tc

for the other group V 2D material, namely arsenene, closely
resemble those of antimonene, with a slight shift to lower
concentrations [31]. Particularly, at concentrations ranging
from 0.9 × 1014 to 3.7 × 1014 cm−2, n-doped arsenene shows
Tc in the range of 4.7–10.1 K, with the maximum value at
2.8 × 1014 cm−2, which is just 1 K higher than for antimonene
at the same concentration. As for phosphorene, a strain tuning
of Tc is proposed for arsenene, which can increase these
values.

Let us analyze electron-phonon coupling in antimonene
and its role in the superconducting properties in more details.
Data on the averaged and doping-dependent electron-phonon
coupling λ [Eq. (8)] of antimonene are given in Fig. 5 (red
triangles). It is worth mentioning that electron-phonon cou-
pling strength of doped antimonene is in general higher than
that for other elemental monolayer materials discussed above.
At comparable charge carrier concentrations, λ in the range
of 0.5–1.4 was obtained for phosphorene [30], in the range
of 0.76–1.27 for arsenene [31], while λ = 0.6 was measured
experimentally for Li-doped graphene at Ne = 1 × 1014 cm−2

[18]. Electron-phonon coupling strength of antimonene ex-
ceeds these values already at Ne = 1 × 1014 cm−2. Despite
significantly higher values of λ, this does not lead to a sig-
nificant increase of Tc in comparison with the other materials
discussed. It can be explained by the difference in character-
istic phonon frequencies for these systems (see Sec. III A),
and particularly smaller values of ωlog [Eq. (7)]. As a result,
in the context of superconductivity, this effect compensates
for higher λ. The maximum value λ = 5 is observed at Nh =
3.7 × 1014 cm−2. Thus, the case of strong electronic nesting
is observed for the hole-doped antimonene, which leads to
a strong electron-phonon coupling for certain wave vectors
and to a higher Tc. At the same time, it has to be taken into
account that the Fermi surface nesting, as well as Van Hove
singularities in the electron energy spectrum leads to a general
destabilization of the system [47,64,65]. The most obvious

manifestation of this effect is the loss of structural stability.
We discuss this aspect in Sec. III D in details.

Electron-doped antimonene demonstrates considerably
smaller λ, yet larger than in the other elemental 2D mate-
rials: At Ne > 3 × 1014 cm−2 one has λ > 1.3, particularly
Ne = 1 × 1015 cm−2 and 4 × 1014 cm−2 give λ = 1.8 and
λ = 2.3 respectively. We note that in the original work where
Eq. (6) was derived [49], as well as in later works [76], it is
pointed out that Eq. (6) underestimates Tc for materials with
strong electron-phonon coupling, characterized by λ > 1.3.
Therefore, the critical temperatures reported here should be
considered as a lower limit.

As can be seen from Fig. 5, coupling with acoustic in-plane
phonons (green squares) is the dominant contribution to λ.
The coupling with optical phonons (blue circles) is small,
but not negligible, at least in case of p-doping. We now con-
sider λp, contributions from individual phonon modes to the
electron-phonon coupling at Nh = 3.7 × 1014 cm−2, which
are presented in Fig. 6. The main contribution is provided
by longitudinal acoustic mode, while coupling with TA mode
gives the second highest value. As was mentioned before,
at Nh = 3.7 × 1014 cm−2 there is an indication of a strong
Fermi surface nesting. To further investigate these phenom-
ena, we calculate the nesting function ξ [Eq. (5)] shown in
Fig. 6(a). Indeed, ξ exhibits maxima in the �-K direction of
q, corresponding to the momentum transfer between parallel
sections of the Fermi surface [dotted line in Fig. 6(b)]. As can
be seen from Fig. 6(d), this mechanism provides a dominant
contribution to the coupling with TA phonons. At the same
time, one can also see another set of peaks in ξq along the �-M
direction. These peaks correspond to the momentum transfer
between nonparallel parts of the Fermi surface [dashed line in
Fig. 6(b)]. This mechanism turns out to be more important for
the coupling with LA phonons, which is shown in Fig. 6(e),
resulting in a higher value of λLA. The electron-phonon cou-
pling strengths for optical modes are two orders of magnitude
smaller than those for the acoustic ones, with the exception of
optical out-of-plane ZO mode [Figs. 6(f)–6(h)].

Tabulated values of λp for different charge carrier con-
centrations are given in SM [69], Tables S1 and S2. It
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FIG. 6. Electron-phonon coupling and nesting function of doped antimonene. Panels (a) and (c) show nesting function resolved in q-space
for Nh = 3.7 × 1014 cm−2 and Ne = 1 × 1015 cm−2, respectively. Heat maps are given on the same scale for clarity, whereas actual maximum
of ξ is marked by a yellow arrow in panel (c). Panel (b) shows the Fermi surface contour for Nh = 3.7 × 1014 cm−2, where arrows mark two
distinct electron scattering channels discussed in the text. In dashed frame, panels (d)–(g) show electron-phonon coupling contributions from
different phonon modes resolved in q-space. Green labels in panels (c) and (d) mark the Brillouin zone and high-symmetry directions.

is seen that the main contribution in the case of electron-
doping arises from acoustic phonons, for both n- and p-
doping cases. However, for Ne < 2 × 1014 cm−2, individual
contributions of acoustic and optical phonons are of the same
order. Distribution of the nesting function in q-space for Ne =
1 × 1015 cm−2 is more complex [Fig. 6(b)] than for the hole
doping [Fig. 6(a)]. This is because electron scattering now
involves considerable intraband transitions. Therefore, it is
not possible to determine specific scattering directions in this
case. Here, the dominant contribution to λ arises from small q
(see SM, Fig. S2), contrary to a short-wavelength character of
the electron-phonon coupling at Nh = 3.7 × 1014 cm−2.

C. Effects of bias voltage

The electronic bands of pristine antimonene are doubly
degenerate with respect to spin [12], which is governed by
the inversion symmetry. When an electric field is applied,
the inversion symmetry is broken and the spin degeneracy is
lifted, which gives rise to the band splitting [77]. This can be
clearly seen from Fig. 7, where we show the effect of bias
voltage on the electronic structure of antimonene. Apart from
the SOC related splitting, the band gap is enhanced by the
field, unlike, for example, few-layer phosphorene [41–43],
where an opposite trend is observed. A small gap change of
0.1 eV is observed already at Vb = 1.0 V, while the highest
considered bias voltage of 1.6 V results in a gap of around
30% larger than the original one. DOS changes accordingly,
as one can see from Fig. 7(a). Taking into account strong
correlation of λ with DOS at the Fermi level, bias voltage
is expected to have an effect on the superconducting critical
temperatures. DOS at n- and p-doping behaves differently

with the application of electric field. The most significant
change of Tc is expected for p-doping at the concentrations
corresponding to VHS at Vb = 0 V. Because of the strong band
splitting in the �-K direction, the flat band at εF ≈ −1.3 eV
splits, resulting in two separate peaks in DOS. In contrast to
the original VHS, the two resulting peaks have significantly
smaller DOS, which becomes more clear at larger voltages.
At the same time, DOS at lower charge carrier concentrations
slowly increases with Vb, which is mostly observed for p-
doping. The splitting of the VHS in the conduction band
(n-doping) is less prominent.

Let us now consider how Tc depends on the charge carrier
concentration in the presence of Vb = 1.0 V. At this voltage,
one can clearly see qualitative changes of the carrier DOS
[Fig. 7(a)], i.e., the splitting of a peak at εF ≈ −1.3 eV.
As can be seen from Fig. 8(b), the change of Tc for the
electron-doping is nearly negligible at concentrations Ne <

3 × 1014 cm−2. At higher concentrations, a Tc increase of the
order of 1.5 K is observed, with the exception of the highest
considered concentration, which results in Tc being 1.5 K
smaller than in the Vb = 0 V case. Maximum achievable Tc is
now 14.6 K for high electron concentration 9.4 × 1014 cm−2,
while hole doping gives comparable values of 13.4 and 12.1
K at Nh of 2.7 × 1014 and 4.5 × 1014 cm−2, respectively. This
corresponds to two new local maxima in DOS. Interestingly,
Tc at these points are in good agreement with those observed
at the same concentrations at Vb = 0 V.

High hole concentration of 8.4 × 1014 cm−2 yields the
critical temperature of 13 K, approximately 3 K higher than
the highest considered concentration of 1 × 1015 cm−2 in
the absence of the bias voltage. Lower holes concentrations
also yield higher Tc than in the absence of electric field:
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(a)
(b)

FIG. 7. Effect of applied bias voltage on the electronic structure of antimonene. (a) DOS at various values of bias voltage. (b) Comparison
of the electronic band structure for Vb = 1.0 V (red line) and Vb = 0.0 V (gray line).

2 × 1014 cm−2 now gives Tc of 3.2 K, which is nearly twice
as large as it was at Vb = 0 V. While the absolute value of
Tc enhancement at this concentration is small, it represents a
practically important trend: Increase of the bias voltage allows
us to achieve higher values of Tc at lower concentrations.

We now turn to the dependencies of maximal critical
temperature T max

c on the bias voltage [Fig. 9(a)] in the chosen
charge carrier concentration range. As expected, the observed
trends are different for different doping types. In the case
of n-doping, T max

c does not change significantly with bias,
ranging from 14.6 to 16.4 K with the lowest value corre-
sponding to Vb = 0.4 V. Concentrations required to achieve
T max

c slowly decrease with bias voltage yet remain high: Ne =
9 × 1014 cm−2 at Vb = 1.6 V. As shown in Fig. 9(c), strong
electron phonon coupling is observed for all considered con-
centrations with λ in the range of 2–3. At low bias voltages,
λ decreases first until Vb = 0.4 V and then increases in the
rest of the range. The opposite trend is observed for p-doping.
In this case, T max

c decreases monotonously with Vb from 17
to 10 K. The required hole concentration, on the contrary,
increases, but does not exceed 4.7 × 1014 cm−2, which is still
significantly smaller than for electrons. In the presence of bias
voltage, λ reduces significantly from 5 to 1.8, indicating a
sufficiently strong electron-phonon coupling.

Charge carrier concentrations presented in Fig. 9(b) are
high, and thus may be difficult to achieve in practice. At the
same time, bias voltage could increase DOS, as well as λ and
Tc at moderate concentrations, i.e., below 4 × 1014 cm−2. In
Figs. 9(d)–9(e), we consider λ and Tc at more realistic con-
centrations for both doping cases N = 2 × 1014 cm−2, which
are typical values in the medium concentration range. In case
of electron-doping, both λ and Tc increase monotonously with
Vb, yet for the highest bias voltage considered, Tc increases
by only ≈ 1 K. Hole doping yields ≈ 2 K enhancement of
Tc already at Vb = 1.0 V, while λ reaches the value of 2.0. In
contrast to the case of electrons, λ and Tc exhibit a maximum
at Vb ≈ 1.2 V, after which one can see a gradual decrease of
their values. This behavior can be attributed to a decreasing
DOS, shown in Fig. 7. Although in absolute values the effect
of bias voltage is not large, it provides a possibility to increase
Tc and λ in antimonene by up to 20%.

D. Dynamical stability of doped antimonene

In this section, we discuss the dynamical stability of doped
antimonene. To model the doping effect beyond the rigid band
approximation, we use the jellium doping technique. We are
interested in studying the stability at doping concentrations

FIG. 8. Critical temperature dependence on charge carrier concentration at bias voltage of 1 V. Vertical lines mark relevant hole (a) and
electron (b) concentrations. Six points for a single Nh/e represent different values of μ∗

c (0.1, 0.12, …,0.2). Blue solid line represents Tc at
μ∗

c = 0.1 and Vb = 0.0 V, and is given for comparison. Dashed lines serve as guides to the eye.
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FIG. 9. Dependence of critical temperature and electron-phonon coupling in doped antimonene on the bias voltage. Filled and open
symbols correspond to n- and p-doping cases: (a) maximal critical temperature T max

c ; (b) charge carrier concentration Ne/h corresponding
to T max

c ; (c) total electron-phonon coupling strength λ. Panels (d) and (e) show variation of critical temperature and electron-phonon coupling
strength with bias voltage at fixed concentrations Nh/e = 2 × 1014 cm−2.

corresponding to the strong Fermi nesting, considered in the
previous section, as well as to the highest charge carrier
concentrations in the case of n-doping. In both cases, the
loss of structural stability would naturally provide the limiting
factor for the applicability of used approximations.

The results of phonon spectra calculations are presented
in Fig. 10. For brevity, we consider the �-M direction only.
Qualitatively similar effects are observed in the �-K di-
rection. Let us first consider the hole-doping case. At low
enough doping, the system demonstrates the enhancement
of acoustic phonon frequencies in the long-wavelength limit,
which is especially evident for TA mode. At the same time,
out-of-plane phonon mode ZA becomes nearly linear at low
q. These effects persist in the concentration range from
0.7 × 1014 cm−2 to 1.8 × 1014 cm−2. At 1.8 × 1014 cm−2, a
pronounced softening of ZA mode in the �-M direction is
observed. At the concentration of 2.0 × 1014 cm−2, this mode
becomes imaginary in a wide range of q, including the vicinity
of high-symmetry M point. The TA mode also demonstrates
pronounced softening. Further imaginary frequencies appear
for the TA mode at a slightly higher hole concentration of
2.1 × 1014 cm−2 (+0.3 e/cell). It is important to distinguish
out-of-plane mode-related instability and in-plane instability.
The appearance of the former is reported for other doped 2D
materials [29,31] and is not considered as a sign of instability
in the case of realistic applications, mainly due to the presence
of the substrate in experimental setup. At the same time,
the presence of in-plane instability is an explicit indication
of instability. Therefore, we conclude that antimonene at
concentrations Nh > 2 × 1014 cm−2 is structurally unstable. It
is worth mentioning that to a certain extent strain can be used
to stabilize the system [78], even if in-plane instability appears
in the phonon spectrum.

On the contrary, electron-doping would only lead to out-
of-plane instability, even at the highest concentration consid-
ered. Unlike the p-doping case, electron-doped antimonene

is stable at 2 × 1014 cm−2 and higher. At lower concentration
considered, i.e., 0.7 × 1014 cm−2, only the ZA mode demon-
strates imaginary frequencies at low q, while in-plane modes
demonstrate stiffening. At 2.1 × 1014 cm−2, however, soft-
ening of the TA mode is observed, which further increases
at higher concentrations The doping effect on longitudinal
modes is not as pronounced, with significant softening taking
place only at the highest charge carrier concentrations con-
sidered. This behavior is different from the hole doping case,
where the LA frequencies decrease significantly, especially
away from the zone center. The reason for the higher stability
of electron-doped antimonene can partially be associated with
a more distributed electron nesting function [Fig. 5(a)], as well
as λ (Fig. S1 in SM [69]).

Let us now discuss possible effect of bias voltage on the
stability and Tc in light of the results presented above. First
of all, in the case of hole doping, the effect of bias voltage
on the electronic structure remains an important factor, since
the increase of Tc is already observed at Nh = 2 × 1014 cm−2,
where the system remains stable. Furthermore, the splitting
of the DOS peak in the presence of Vb allows us to assume
that bias voltage may actually increase the stability of doped
antimonene at Nh > 2 × 1014 cm−2 due to the modification of
DOS and suppression of VHS (see Fig. 7). While the effect of
bias voltage on the electronic structure of n-doped antimonene
is less prominent, we expect the tendencies described for this
case in the previous section to remain.

IV. SUMMARY AND CONCLUSION

We performed ab initio calculations of electron-phonon
coupling for n- and p-doped antimonene using state-of-the-
art computational techniques. We estimated critical temper-
ature of the superconducting transition at various charge
carrier concentrations in a wide range from 5 × 1013 to
1 × 1015 cm−2 using the Allen-Dynes-McMillan equation.
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FIG. 10. Phonon spectra of hole- and electron-doped antimonene
(left and right columns respectively) in �-M high-symmetry direc-
tion at various charge carrier concentrations, simulated using jellium
doping technique. Dashed line corresponds to phonon spectra in
undoped case.

Doing so, we considered the dynamical stability of studied
configurations.

Dependence of the electron-phonon coupling strength
from charge carrier concentration is essentially conditioned

by the doping type and is mainly determined by the
Fermi surface topologies. We find that at hole concentra-
tions below 2 × 1014 cm−2 and electron concentration below
5 × 1013 cm−2 superconductivity is not expected above 0.5 K.
Higher charge carrier concentrations yield Tc in a wide range.
However, the increase of charge carrier concentration in the
case of hole doping is limited by the dynamical instability,
which occurs for Nh > 2.0 × 1014 cm−2. This behavior can
be explained by the presence of van Hove singularity close
to dynamical stability limit in the density of hole states.
Among the stable configurations, the maximum value of Tc

is estimated to be 15 K, and corresponds to the electron-
doping case. The hole doping yields T max

c ≈ 1.5 K at the
concentrations in the range of 1.8−2.0 × 1014 cm−2. These
value are comparable or exceed those reported for other
doped elemental monolayer materials. The value of strong
electron-phonon coupling strength as high as λ = 2.3 is pre-
dicted for the highest considered electron concentration of
1 × 1015 cm−2. For all studied charge carrier concentrations,
the main contribution to electron-phonon coupling arises from
the interaction of carriers with in-plane acoustic phonons.

We also studied the effects of electric field applied in the di-
rection perpendicular to the atomic sheet, on electron-phonon
coupling and critical temperature of antimonene. In the bias
voltage range of 0.0–1.6 V, the electronic structure of anti-
monene undergoes spin-orbit-assisted bands splitting, as well
as enhancement of the band gap width. This effect allows us to
increase the Tc for the stable hole-doped configurations; thus,
in the vicinity of the destabilization point at 2 × 1014 cm−2,
the maximum increase of Tc reaches 3.5 K at the highest
considered bias voltage. In contrast, the electron-doping case
is less affected by the application of bias voltage, leading
to a slight variation of the critical temperature and electron-
phonon coupling over the whole concentration range, which
potentially simplifies the application of gating-based doping
methods for the system and making results more predictable.
Overall, bias voltage allows us to control electron-phonon
coupling as well as related properties in heavy-element 2D
semiconductors, making them interesting objects for further
studies.
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