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Emergent topological superconductivity in Bi-intercalated van der Waals layered SiTe,
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Van der Waals (vdW) layered materials have attracted extensive attention and become a platform for investigat-
ing various exotic physical properties of interest. Considering experimentally synthesized vdW layered SiTe, and
monolayer Bi, here we propose a feasible way to obtain topological superconductivity by intercalating monolayer
Bi into the bulk SiTe,. Using Allen-Dynes-modified McMillan equation based on the first principles calculations,
we predict the bulk SiTe, to be a superconductor with superconducting transition temperature T¢ of about 2.9 K,
which could be effectively modulated by hydrostatic and uniaxial pressures. Intercalating a two-dimensional
topological insulator Bi into the bulk SiTe,, we find that the system exhibits both superconductivity with T of
about 1.7 K and topological surface states near the Fermi energy. In addition, the T of SiTe, monolayer remains
almost intact when exfoliated from its bulk. Our work paves a new way to realize topological superconductivity
by intercalating topological matter into vdW layered materials.
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I. INTRODUCTION

Van der Waals (vdW) layered transition metal dichalco-
genide (TMDC) materials MX, have attracted tremendous
interests due to their excellent mechanical, optical, chemical,
and electronic properties [1,2]. In particular, TMDC provides
a broad platform for the investigation of superconductiv-
ity. As an intrinsic superconductor, 2H NbSe, has a record
superconducting transition temperature Tc = 7.2K at ambi-
ent pressure among TMDCs [3]. It is reported that charge
density wave and superconductivity coexist in NbSe, [4,5].
In addition to intrinsic superconductivity, applying pressure,
electrostatic, and chemical doping can also induce supercon-
ductivity. The superconducting transition in 17°-TaS, occurs
in the pressure range of 3-25GPa [6]. Upon applying ultrahigh
pressure of 90 to 220 GPa, superconductivity also emerges
in the 2H,-MoS, [7]. Superconductivity was also observed
in electrostatic applied 2H-MoS; [8], WS, [9], and MoSe;
[10] systems. Moreover, alkali and alkaline-earth metal in-
tercalating can induce superconductivity in MoS, [11]. Cu
intercalated TiSe, (Cu,TiSe,, x=0.08) suppressed the charge
density wave (CDW) transition and was manifested as a su-
perconductor with T¢ = 4.15K [12].

Topological superconductors are of great importance
due to their potential applications in quantum computation
[13,14]. The essence of realizing topological superconduc-
tivity is to find the coexistence of topological surface states
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and superconductivity in a material, which is rarely reported
[15-20]. Except for the intrinsic topological superconductor
[21-24], some methods engineering the topological supercon-
ductor have attracted much attention. With the application
of pressure, type II Weyl points and superconductivity have
been observed in WTe, [16,17]. Quantum spin Hall effect
and the low temperature superconductivity were measured
in MoTe,, whose T¢ could be enhanced from 0.1 K at am-
bient pressure to 8.2 K at a pressure of 11.7 GPa [18,25].
The Dirac cone of the surface state in superconductor PdTe,
[14] was also predicted. By constructing the heterostruc-
ture, edge states and superconductivity coexist on the thin
film Bi(111) grown on the NbSe, substrate [26]. Proximity-
induced superconductivity was also observed in the quantum
spin Hall state monolayer WTe, placed on the NbSe, [27].
The above mentioned superconducting properties of vdW
layered materials are mainly dominated by the d orbitals of
transition metal atoms, while extensive studies have demon-
strated that replacing the transition metal atoms in TMDCs
with main-group elements can also exhibit superconductiv-
ity. For example, pressure- and gate-induced superconductors
have been reported in 17-SnSe, system [28,29], and PS, was
also predicted to be a superconductor [30].

Considering the structural characteristics of vdW ma-
terials and the recent advance in intercalation technology,
a natural idea is whether it is possible to combine a
two-dimensional (2D) topological insulator with a vdW su-
perconductor through intercalation technology to produce a
topological superconductor. To achieve this goal, we first
need to find a vdW superconductor with appropriate layer
spacing. Thus, we have screened the experimentally synthe-
sized vdW materials and found that 17-SiTe, [31,32] is a
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FIG. 1. Schematic diagram of intercalating a topological insu-
lator (bismuthene [33]) into a van der Waals superconductor to
construct a material with both superconducting and topological
properties.

metal which is necessary to realize superconductivity, and
has a large layer spacing, which is conducive to the exfo-
liation and intercalation. In this work, using first-principles
calculations, we systematically study the superconductivity of
bulk, Bi-intercalated bulk, and monolayer SiTe,. Bulk SiTe; is
predicted to be a superconductor with T¢ of 2.9 K, which can
be improved by applying hydrostatic and uniaxial pressures.
By inserting the 2D topological insulator bismuthene [33]
to the interlayer space of bulk SiTe,, the system could have
both topological and superconducting properties. Moreover,
the superconductivity is maintained from bulk SiTe; to the
monolayer SiTe,.

II. COMPUTATIONAL METHODS

In our study, the first-principles calculations based on
the density functional theory (DFT) are carried out using
QUANTUM-ESPRESSO package [34]. The fully relativistic
ultrasoft pseudopotentials and the Perdew-Burke-Ernzerhof
(PBE) functional [35] were used. The kinetic energy cutoff
for the wavefunction was set to 80 Ry. The lattice constants
and atom positions were relaxed with the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) quasi-Newton algorithm until the
total energy (a.u) and forces (a.u) less than 1 x 1079 and 1 x
1078, respectively. The Brillouin zone (BZ) was sampled with
a 14x14x8 k mesh during the calculation of structure opti-
mization and electronic properties. And the methfessel-paxton
smearing method with ¢ = 0.02 Ry was adopted. Considering
the vdW layered structure, semiempirical Grimme’s DFT-
D2 vdW correction was adopted to describe the interlayer
interaction. 7x7x4 g mesh and methfessel-paxton smear-
ing type with 0=0.015 Ry were used in the calculation of
Eliashberg function and electron-phonon coupling coeffi-
cient. The surface states were investigated by an effective
tight-binding Hamiltonian constructed from the maximally
localized Wannier functions [36,37]. Iterative Green function
method [38] is used in the package WannierTools [39].

III. RESULTS

A. Superconductivity of bulk SiTe,

The vdW layered 17-SiTe, is composed of AA stacked
SiTe, layers, with each Si atom surrounded by six Te atoms
forming an octahedron within each layer, which belongs to
the space group of P3ml (No. 164) as shown in Fig. 1.

TABLE I. Calculated fractional coordinates and Wyckoft sites
for bulk SiTe,.

atoms X y z Wyckoff
Si 0.000 0.000 0.000 la
Te 0.333 0.667 0.752 2d

The optimized lattice constants a and ¢ for bulk SiTe, are
3.81 and 6.57 A, respectively, which are smaller than the
experimental values and consistent with previous calculated
values [40]. Moreover, the lattice constants slightly change
with different pseudopotentials as listed in Supplemental
Materials [41]. The fractional coordinates and Wyckoff sites
for bulk SiTe, are listed in Table I. The interlayer distance for
bulk SiTe, as indicated in Fig. 1(a) is 3.31 A, which is larger
compared with its similar structures, such as TiTe, (3.08A)
and NiTe, (2.63A) [42,43]. And as shown in Fig. S2, the
two-dimensional electron localization functions (ELF) map
displayed on the (010) plane of these three materials indicate
that SiTe, has the weakest interlayer interaction due to the
minimum electron overlap.

The band structure and projected density of states (PDOS)
of bulk SiTe, calculated with spin-orbit coupling (SOC) are
shown in Fig. 2(a). It is seen that there are four bands (in-
cluding the spin degeneracy) passing through the Fermi level,
including the highest occupied valence bands and the lowest
unoccupied conduction bands marked with yellow and orange
colors, respectively. Thus, bulk SiTe, is a metal, in which
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FIG. 2. The electronic structure and superconductivity of van der
Waals layered SiTe,. (a) The band structure calculated with SOC
and corresponding projected electronic density of states (PDOS)
in unit of states/eV. (b) Brillouin zone with high symmetry points
as labeled. (c) Fermi surface of bulk SiTe, at ambient pressure.
(d) Phonon dispersion. (e) Partial atomic phonon density of states
(PhDOS), Eliashberg spectral function o?F (w) and cumulative A(w)
at ambient pressure.
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p orbitals of Te atoms play a major role near the Fermi level.
The Fermi surface of bulk SiTe; is plotted in Fig. 2(c). It is
noted that there are two electron pockets located at K and
L points, and two hole pockets located at I' and A points,
respectively. The stability of the optimized crystal structure
is verified by the absence of imaginary mode in the calculated
phonon spectrum as shown in Fig. 1(d). The projected phonon
density of states (PhDOS) in Fig. 1(e) indicates that Te and Si
atoms dominate the relatively low and high frequency regions,
respectively.

Moreover, we employ the Allen-Dynes-modified
McMillan equation [44—46] to simulate the superconducting
transition temperature T of bulk SiTe,, which has been
widely used to understand the experimental results [47-49]
and reads

Wiog 1.04(1 + )

T = - ,
€= 12 P T 0o

ey

where w, is the logarithmically averaged phonon frequency,
A is the electron-phonon coupling constant, and u* is the
Coulomb pseudopotential, which is always treated as an ad-
justable parameter to fit the experiment, and the value of u*
is set to a typical value 0.1 in our calculations [50,51]. We
show that the superconductivity is robust against different
w*. The 2electron-phonon coupling strength X is expressed as
o T
function. For bulk SiTe,, o>F (@) and A are shown in Fig. 2(e).
We notice that the cumulative A is 0.58, which is mainly
contributed by the low frequency phonons. The 7¢ of layered
vdW SiTe, is estimated to be about 2.9 K.

dw, where aF (w) is the Eliashberg spectral

B. Enhanced T¢ of bulk SiTe,

For vdW layered materials, hydrostatic and uniaxial pres-
sures are two effective approaches to tune the properties of
materials in experiments, and uniaxial pressure is carried out
theoretically by the application of biaxial in-plane strain, be-
cause the uniaxial pressure along the out-of-plane direction is
equivalent to the in-plane biaxial strain. For bulk SiTe,, when
hydrostatic pressure of 0 to 10 GPa is applied, both lattice
constants a and ¢ decrease with the increase of pressure, and
¢ decreases more rapidly than a as shown in Fig. S4 due to
large interlayer distance and weak interlayer interaction. We
also investigate the effect of hydrostatic pressure on the super-
conducting transition temperature T¢. As shown in Fig. 3(a),
with the increase of the applied hydrostatic pressure, T¢ first
increases from the initial 2.9 K to 4.5 K and then decreases to
4.3 K. It is well known that as the lattice constants decrease,
the bonds between atoms become shorter and the interaction
between atoms gets stronger. Thus, the band near the Fermi
level will be more dispersive as displayed in Fig. S5, resulting
in the gradual decrease of the density of states at the Fermi
level [N(Er)] [Fig. 3(a)]. According to A=N(Er)(I*)/Mw?,
where (I?) is the square of electron-phonon matrix element
averaged over the Fermi surface, the changes of N(EF) and
(I*) /Mw?* together determine the change of A. As we can see
in Figs. S6-S7 and Table S2, with the increase of applied hy-
drostatic pressure, the A contributed by high-frequency modes
keeps the same value 0.11, while in the low-frequency region,
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FIG. 3. The density of states at the Fermi level N(Ef) in
states/eV, electron-phonon coupling constant A, superconducting
transition temperature T¢(K) as functions of the applied (a) hydro-
static pressure and (b) in-plane strain, respectively.

the phonon softening is enhanced which strengthens the (I2).
Thus, although N(EFr) decreases with the applied pressure, the
increase of (I?) leads to the enhancement of A from 0.58 to
0.78 in the pressure range of 0-6 GPa. In the pressure range
of 6-10 GPa, N(Ef) decreases more rapidly, resulting in the
slight decrease of A from 0.78 to 0.74.

For vdW layered SiTe,, we use in-plane tensile strain
(e = (a — ap)/ap) to simulate the effect of uniaxial pressure
along c axis. As shown in Fig. 3(b), T¢ monotonically in-
creases from 2.9 to 4.2 K when the applied strain changes
from 0 to 4%. Within the same SiTe; layer, the bonds between
atoms become longer and the interaction between atoms be-
comes weaker with the application of tensile strain, leading
to the flatter bands near the Fermi level and a larger N(Ep).
Similar to the hydrostatic pressure effect, (I?) becomes larger
with the increase of tensile strain due to the enhancement of
phonon softening. Thus, under uniaxial pressure, both N(Er)
and (1) increase with the increase of in-plane strain, resulting
in the enhancement of 7.

C. Bi-intercalated bulk SiTe,

VAW layered materials characterize with the strong
in-plane bonding and weak interlayer interaction, which fa-
cilitates the intercalation process. Intercalating ions to vdW
layered materials could lead to some interesting properties,
such as charge density waves, phase transition, and so on [52].
2D bismuthene with a buckled honeycomb structure can with-
stand sizable strain and be easily grown on different substrates
to form periodic structures [53-57], and thus it is a good
choice as an intercalation layer. The optimized lattice constant
of bismuthene is 4.35 A; in the Supplemental Materials we
have calculated the surface states of 2D Bi under different
compressive strains to demonstrate its topological property
[41]. Due to the weak interlayer interaction, it is convenient
to intercalate 2D Bi to the interspace of two adjacent SiTe,
layers. As depicted in Fig. 1, each Bi atom is located in the
line and links the top (bottom) Te atoms of adjacent SiTe,
layers. The Bi-intercalated bulk SiTe, keeps the space group
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FIG. 4. The electronic and topological properties of

Bi-intercalated van der Waals layered SiTe,. (a) Band structure with
SOC. (b) Projected density of states (PDOS) with SOC in unit of
states/eV. (c) Product of parity and Z, indices of bands near the
Fermi level. (d) Surface states projected on (110) surface.

P3m1 (No. 164), and the optimized lattice constants a and
c are 3.92 and 11.23 A, respectively, with the interlayer
distance of 8.06 A. Compared to pristine bulk SiTe, and free-
standing bismuthene, the Bi-intercalated SiTe, corresponds
to a 2.8% stretched SiTe, and 10% compressed Bi. We have
calculated the formation energy of the Bi-intercalated SiTe,,
defined as AE = Esire,Bi, - Esite, - Epi,» where Esite,Bi,»
Esite, and Eg;, represent the total energies of fully relaxed
Bi-intercalated SiTe,, pristine bulk SiTe, and freestanding
monolayer Bi, respectively. The obtained negative formation
energy of -0.28 eV /atom indicates that Bi-intercalated SiTe;
system with compressed Bi monolayer is energetically stable.

For Bi-intercalated SiTe,, the band structure and PDOS
calculated with SOC are shown in Figs. 4(a) and 4(b); we have
noticed that Te atoms and Bi atoms are highly hybridized and
contribute mainly near the Fermi level. The system maintains
the metal property with six bands passing through the Fermi
level. Moreover, due to the coexistence of time reversal and
inversion symmetries in the Bi-intercalated SiTe,, we have
examined its topological properties by calculating the product
of parity of wavefunctions at time-reversal invariant momenta
(I', M, A, L) to obtain the Z, topological number. The detailed
information is summarized in Fig. 4(c). It is noticed that three
bands near the Fermi level exhibit the nontrivial topological
properties. Besides, we have plotted the surface states pro-
jected on the (110) surface, and three Dirac cones located
at 1.5, -0.7, and -1.7 eV relative to the Fermi level further
verify the nontrivial topological properties of Bi-intercalated
bulk SiTe,. The Fermi level can be tuned to -0.7 eV, -1.7 eV,
and 1.5 eV by doping 1.9 holes, 5.5 holes, and 3.4 electrons
per primitive cell, respectively. The corresponding T¢ in these
three chemical potentials is calculated to be 7.5 K, 6.1 K, and
0.9 K, respectively, using EPW code [58].

Furthermore, the dynamic stability and superconducting
properties of Bi-intercalated bulk SiTe, have also been in-
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FIG. 5. The superconducting properties of Bi-intercalated Van
der Waals layered SiTe,. (a) Phonon dispersion. (b) Partial atomic
phonon density of states, Eliashberg spectral function o?F (w) and
integrated A(w) at ambient pressure.

vestigated as shown in Figs. 5(a) and 5(b). Te and Bi atoms
dominate the low frequency phonons and mainly contribute
to the electron-phonon coupling A. Due to the contribution
of Bi atoms in the low frequency region, the wj, decreases
compared with the pristine bulk SiTe,. Thus, although the
A keeps almost unchanged, according to Eq. (1), the T¢ is
slightly decreased to 1.7 K. One may see that, due to the
strong interaction between Bi and Te atoms, a new stable Bi-
intercalated SiTe, system is constructed, and the maintaining
nontrivial topology and superconductivity properties in this
system reveal an excellent material candidate to explore the
possible topological superconductivity.

To improve the T¢ of Bi-intercalated SiTe,, we have also
studied the effect of uniaxial pressure along the stacked di-
rection. As the in-plane strain increases from 0 to 6%, the
corresponding T¢ increases from 1.7 to 4.0 K, because both
N(EF) and A increase gradually with the applied strain, as
listed in Table II. We have investigated the change of the
PhDOS and Eliashberg spectral function [e>F(w)] under dif-
ferent strains as well. As shown in Fig. S13, it is obvious
that the overall PhDOS shifts to a lower frequency with the
increase of in-plane strain, and o?F(w) also shifts to a lower
frequency, and its value becomes larger. According to the

a?F (w)

expression A=2 [ dw, the lower frequency and higher

a*F(w) will enhance the A, leading to the increase of the Tc.

D. Superconductivity of monolayer SiTe,

Considering that the superconducting properties usually
change with the reduction from bulk to monolayer and

TABLEII. The applied in-plane strain (%), electron-phonon cou-
pling constant (1), the electronic density of states at the Fermi level
N(EF) in states/eV and superconducting transition temperature (T¢)
in K for the Bi-intercalated bulk SiTe,.

Strain (%) A N(Er) Te (K)
0 0.56 1.05 1.7
2 0.59 1.18 2.1
4 0.67 1.29 2.8
6 0.84 1.38 4.0
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2D material is easier to modulate, we calculate the exfo-
liation energy of monolayer SiTe,, and the obtained small
value of 0.36 J/cm? is comparable to that of graphene [59],
indicating that it is easy to exfoliate the monolayer SiTe,
from its bulk material. The lattice constant a of mono-
layer SiTe, is calculated to be 3.80 A. As displayed in
Supplemental Materials, monolayer SiTe, is also a metal
with four bands passing through the Fermi level [41]. As
used in the 2D superconducting system [49], Eq. (1) is
employed to calculate the T¢ of monolayer SiTe,. The es-
timated T¢ of 2.9 K is very close to that of bulk SiTe,,
which further verifies the weak interlayer interaction be-
tween two adjacent SiTe, layers. For monolayer SiTe,, similar
to the bulk SiTe,, in-plane strain can also enhance T¢
from 2.9 to 6.9 K, when the applied strain is increased
from 0 to 8%.

IV. CONCLUSION

Using first-principles calculations, we propose a vdW
layered superconductor SiTe, with the superconducting tran-
sition temperature T¢ of 2.9 K, which can be enhanced to
4.5 and 4.2K, respectively, by the application of hydrostatic
(6 GPa) and uniaxial pressures (4% tensile strain). The large
interlayer distance and weak interlayer interactions provide
the possibility of intercalating a 2D topological insulator into
the interspace of the bulk SiTe,. The superconducting and

topological properties coexist in the Bi-intercalated SiTe,,
with a T¢ of 1.7 K and the nontrivial topological surface states
near the Fermi energy. Moreover, the monolayer SiTe, exfoli-
ated from its bulk material also appears to be a superconductor
with the same T¢ as the bulk structure. Our findings not only
expose a real vdW layered material with superconductivity,
but also provide a viable perception to introduce topological
properties into a superconductor to realize possible topologi-
cal superconductivity.
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