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A B S T R A C T

In this paper, we present a preliminary study to determine the electron–phonon (el–ph) coupling in Janus 1T
monolayered PdSTe and PdSeTe within the rigid band approximation (RBA). Under the assumption that both
electronic band structures and phonon dispersions remain intact, or suffer slight changes at most, the Fermi
energy is manually shifted towards the conduction bands. Without spin–orbit coupling (SOC), these structures
are predicted to be semiconductors with electronic bandgaps of 0.33 eV for PdSTe and 0.34 eV for PdSeTe
and with an insignificant electron–phonon coupling. We find that minimal small Fermi energy shifts of the
order of 35 meV and 65 meV applied to 1T PdSTe and PdSeTe respectively, are sufficient to produce non-zero
values of 𝜆 in both systems. These shifts could physically correspond to small electron doping of the materials,
not exceeding 4%. Our calculations give that 𝜆 = 1.77 and 𝜆 = 0.5 for PdSTe and PdSeTe respectively. The
corresponding lowest superconducting temperatures (T𝑐) register 0.28 K for PdSeTe and 28.19 K for PdSTe.
We also demonstrate that the longitudinal optical and acoustical phonon modes may play a key role in the
process of superconductivity of the doped materials. The above temperature of PdSTe is larger than those for
2D borophene, stanene, phosophorene and arsenene indicating that, in principle if the right dopant is found,
lightly 𝑛-doped PdSTe could be promising in the area of 2D superconductors.
1. Introduction

Two-dimensional materials (2D) are crystalline structures made up
of one single layer of atoms. Almost 78 years ago, such materials were
not supposed to exist [1,2] and thus were deemed thermodynamically
unstable. The synthesis of graphene [3], a 2D sheet of carbon, one-
atomic layer thick, took the world by surprise. This material is special
in a variety of ways: other than being a null gap semiconductor, with
linear and isotropic bands around the K point in the reciprocal hexag-
onal Brillouin zone [4], it is very malleable and absorbs almost 2.3%
of the incident light; this makes it useful in light crystal liquids (LCD)
applications such as touchscreen displays [5] and in solar cells [6].
Graphene has also a high optical conductivity [7] and is almost 200
times stronger than steel [8].

Graphene’s tremendous properties set forth the possibility for other
types of 2D systems to exist with equally or even better characteristics.
Such ‘post graphene’ materials include silicene [9], germanene [10],
phosphorene [11], borophene [12], arsenene [13], diamondene [14],
and plumbene [15] -which was recently synthesized [16]- amongst
others.

∗ Corresponding author.
E-mail address: wdairy@kau.edu.sa (W.A. Diery).

New types of 2D structures, called transition metal dichalcogenides
(TMD) have also caught attention and have been (and are still being)
researched by scientists. They are represented by the chemical formula
MX2, where M is a transition metal and X = S, Se or Te. The first
structures to be studied were monolayers of MoX2 and WX2 showing
indirect band gaps as opposed to direct band gaps that emerge in their
bulk structures [17]. Electronic band structure and stability were later
inspected in other TMDs with M = Ti, Zr, Hf, V, Nb, Ta and Cr [18–22].

Derived from the TMDs and by substituting one layer of X = S, Se
and Te by a layer of another element Y of the same set {S, Se, Te}, Janus
TMD structures (called MXY structures) can be formed. Few achieve-
ments on both a theoretical and experimental level have been made:
MoSSe layers were synthesized using different techniques [23]. The
stability and thermoelectric properties of ZrSSe [24] and monolayer
and bilayer MoSSe [25] have been reported. Also recently we have
examined the thermoelectric properties and the figure of merit (ZT) for
the Pd pristine and Janus structures namely PdS2, PdSe2, PdSSe, PdSTe
and PdSeTe [26].

Another enticing property in materials is superconductivity, which
is the phenomenon of conducting electricity with zero resistance.
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Already established superconductors range from Hg and Pb, ceram-
ics (MgB2 [27], YBCO [28]) up to pnictides such as fluorine-doped
aOFeAs [29]. One practical use of a superconductor is to construct
owerful electromagnets to accelerate particles very fast (such as the
nes used in the Large Hadron Collider (LHC)); they can also be found
n Superconducting Quantum Interference Devices (SQUID) [30] that,
ther than detecting weak magnetic fields, are used as a part of the
quipment utilized in the removal of land mines. Generating electricity
n more efficient ways as well as fast computing are other goals of
uperconductors that nowadays are still under development. Since the
ell known classical superconductors have low values of 𝑇𝑐 [31], there
as been a lot of attempts to find systems where the superconducting
tate is characterized by higher 𝑇𝑐 values. Very recently a group of
esearchers have claimed to reach an almost room temperature super-
onductivity of ∼285 K for a compound made from sulfur, hydrogen
nd carbon, under conditions of extreme pressure [32].

Graphene, for example, is not a superconductor. However inter-
alating monolayer graphene with Ca [33] or twisting two graphene
ayers by a ‘‘magic’’ angle [34] seem to awaken superconductivity. [35]
eported evidence of superconductivity in bilayer graphene intercalated
ith Ca but not with Li, demonstrating the importance of the inter-

alated atomic species. Recent findings have also shown that bilayer
raphene intercalated with alkali and alkaline earth metals namely
, Sr and Rb is superconducting with 𝑇𝑐 values within the range
.47–14.56 K. [36].

2D superconductors, in particular, are important because of the
uantum phenomena they provide. This area of research has been ac-
ive over the last 83 years [37] and started gaining fame after 1980. At
he time, the concept of thin film superconductors [38–41] have started
o emerge. The fabrication of monolayer cuprate superconductors took
lace in the early 1990s [42,43]. Since then, some new fabrication tech-
iques have begun to erupt such as molecular beam epitaxy (MBE); also
echanical exfoliation and field effect devices have been considered

mongst researchers in the area of 2D superconductors [44–47].
On a theoretical level, some studies have been performed to look

nto superconductivity in 2D crystals, other than graphene, by cal-
ulating the electron–phonon (el–ph) coupling coefficient (𝜆). This
as done for some structures of graphyne [48,49], an allotrope of

arbon where triple carbon bonds are introduced into the honeycomb
attice; the scattering mechanism in such structures [50] is shown to be
riven by the longitudinal acoustic (LA) mode. The el–ph interactions
ave also been examined in borophene [51], silicene, germanene [52],
lectron-doped arsenene [53] and in 2D Mo2B2 [54].

As far as TMDs are concerned, there are a few papers dedicated to
he study of the el–ph interactions: [55] discusses the el–ph interactions
or an MoS2 monolayer where a Debye model is used to obtain the el–
h coupling parameter. Superconductivity in both bulk and monolayer
aS2 structures was investigated in [56] showing that there is no
honon mediated enhancement of 𝑇𝑐 in the monolayer compared to
he bulk. The competition between Coulomb and el–ph interactions in
D NbS2 systems is discussed in [57]. Also the superconducting order
n 2H TaSe2−𝑥S𝑥 has been thoroughly examined in [58]. However not a
ot has been done on el–ph interactions in Janus structures: Only very
ecently, enhanced el–ph scattering in Janus MoSSe structures has been
eviewed [59].

In this paper, we investigate the response of the el–ph coupling in
D 1T PdSTe and PdSeTe, to the manual shifting of the Fermi energy
E𝐹0)) towards the conduction bands, in an attempt to mimic small elec-
ron doping (𝑛-doping). Since both the band structure and the phonon

dispersion curves, which will be reproduced using maximally localized
Wannier functions (MLWFs), are supposed to stay unaltered during
the doping process, the el–ph coupling as well as the superconducting
temperatures (T𝑐), can be studied within a rigid band approximation
scheme [60]. The paper is organized as follows: In Section 2, the
computational method using MLWFs [61] and the Migdal–Eliashberg
2

theory to calculate the el–ph interaction are presented. Convergence
with respect to certain parameters is checked in Section 3. The results
obtained, followed by a discussion, are the main subject of Section 4.
Finally, Section 5 contains a summary of the main conclusions of this
work.

2. Computational methods and the Migdal–Eliashberg theory

As a first step, a self-consistent first-principles calculation was run
using the plane wave Quantum Espresso (QE) package [62]. To model
the interaction between the valence electrons and the ion cores, a norm-
conserving (NC) Troullier–Martins pseudopotential [63] with a scalar
relativistic Perdew–Burke–Ernzerhof (PBE) parametrization was used to
account for the exchange correlation function [64]. A dense electronic
k-points grid of 24 × 24 × 1, in the reciprocal Brillouin zone (BZ),
was adopted to ensure convergence for the electronic as well as the
subsequent phonon calculations. A plane wave energy cutoff of 75Ry
was utilized together with a tight geometry relaxation until the force
acting on each atom in the unit cell is 5 × 10−4 Ry/au and the pressure
is less than 0.16 kbar. Finally in order to model a 2D structure, a
vacuum distance of 18 Å was added along the non-periodic direction,
perpendicular to the plane of the systems. It is also important to note
that the subsequent calculations do not take the SOC into account.

Phonon dispersion calculations are carried out within QE, where
a convergent phonon q-grid of 12 × 12 × 1 is adopted. Since the
Fermi energy is rigidly shifted, we resort to the EPW (Electron–Phonon-
Wannier) package [65,66] to determine the el–ph coefficient 𝜆. EPW
employs MLWFs to generate accurate el–ph matrix elements on arbi-
trary dense Brillouin zone grids using a Fourier interpolation technique.
Both electronic and phonon band structures are reproduced from the
MLWFs making use of the WANNIER90 package [67]. Fourteen Wan-
nier functions were employed to model nine valence and five con-
duction bands for the systems at hand. Within EPW, coarse electronic
and phonon meshes, on which the perturbation potentials [65] are
evaluated, are chosen to be 48 × 48 × 1 and 12 × 12 × 1 respectively.
Fine k and q grids of 240 × 240 × 1 are then used to interpolate the
el–ph coupling quantities and produce convergent results. It is equally
important to correctly tune the parameter which refers to smearing
in the energy-conserving delta functions. The values of this parameter
must preferably lie between 1 and 10 meV. We have set this variable to
5 meV and verified that our values converge for the fine grids quoted
above.

The computation of the el–ph coupling parameter 𝜆 is based on
solving the isotropic Migdal–Eliashberg equations [68]. Unlike the
Bardeen–Cooper–Shrieffer (BCS) [69] theory, superconductors within
the Eliashberg theory, are described by taking into account the retarded
nature of the electron–boson interaction that mediates the Cooper
pairing [70,71]. The isotropic Eliashberg spectral function reads:

𝛼2𝐹 (𝜔) = 1
2𝜋𝑁(𝐸𝐹 )

∑

𝑞𝜈
𝛿(𝜔 − 𝜔𝑞𝜈 )

𝛾𝑞𝜈
ℏ𝜔𝑞𝜈

, (1)

where 𝛾𝑞𝜈 and 𝜔𝑞𝜈 are the linewidth and frequency of mode 𝜈 at the
phonon wavevector q respectively and 𝑁(𝐸𝐹 ) is the density of states
(DOS) at the Fermi level.

The el–ph coupling parameter 𝜆𝑞𝜈 , for the state (q, 𝜈) is given by:

𝜆𝑞𝜈 =
𝛾𝑞𝜈

𝜋ℏ𝑁(𝐸𝐹 )𝜔2
𝑞𝜈
. (2)

The net el–ph coupling parameter is the sum over all possible states (q,
𝜈), defined as:

𝜆 =
∑

𝑞,𝜈
𝜆𝑞𝜈 = 2∫

𝛼2𝐹 (𝜔)
𝜔

𝑑𝜔, (3)

where the integration extends over the entire phonon spectrum. Once
𝜆 is calculated, a superconducting transition temperature 𝑇𝑐 can be
obtained, making use of the McMillan–Allen–Dynes expression [72,73]:

𝑇𝑐 =
𝜔𝑙𝑜𝑔 𝑒𝑥𝑝

[ −1.04(1 + 𝜆) ]

; (4)

1.2 𝜆(1 − 0.62𝜇∗) − 𝜇∗



Physica B: Physics of Condensed Matter 625 (2022) 413480E.A. Moujaes and W.A. Diery
Fig. 1. (Color online). Top and side views of a (4 × 4) unit cell of the 1T Janus
Pd dichalcogenides. Blue spheres are Pd atoms; yellow spheres refer to either S or Se
whereas Te atoms are represented by green spheres.

Fig. 2. (Color online). Electronic bands obtained via Density Function Theory (DFT)
(solid black curves) using QE [26] and those reproduced using MLWFs (dashed red
curves), for PdSTe and PdSeTe. The fourteen bands around the Fermi energy (E𝐹0), at
0 eV (blue dashed horizontal line), are in excellent agreement with the QE results.

𝜇∗ is the effective Coulomb repulsion constant [74,75] and 𝜔𝑙𝑜𝑔 is an
average phonon frequency determined by:

𝜔𝑙𝑜𝑔 = 𝑒𝑥𝑝
[ 2
𝜆 ∫

𝛼2𝐹 (𝜔)
𝜔

𝑙𝑜𝑔𝜔𝑑𝜔
]

. (5)

For almost all structures, 0.1≤ 𝜇∗ ≤ 0.2; thus the reported values of 𝑇𝑐
will correspond to this range.

3. Convergence of the el–ph calculations

The 1T Janus structures pertain to the hexagonal geometry and
spacegroup P3m1 [76] and are shown in Fig. 1. Without considering
the SOC, these structures are narrow gap semiconductors with a 0.33 eV
bandgap for PdSTe and 0.34 eV for PdSeTe. The equilibrium lattice
vectors are found to be 3.71 and 3.81 Å in PdSTe and PdSeTe respec-
tively, which are in good agreement with other theoretical predictions
using the same pseudopotential [77]. Additional information including
formation energies and bond lengths are already established in our
previous publication [26].

Before determining 𝜆 and 𝑇𝑐 , two convergence criteria on the initial
calculations, must be verified. Firstly, the electronic band structure
and the phonon dispersion curves obtained via MLWFs must be in
3

Fig. 3. (Color online). Phonon dispersion of the Janus 1T PdSTe and PdSeTe structures
obtained from QE (black solid curves) and from using MLWFs (dashed red curves).
Results show that the chosen MLWFs correctly reproduce the phonon dispersions of
the systems.

agreement with those produced within DFT in QE. We find that the
MLWF bands are best constructed using the 𝑑 orbitals of the Pd species
and the 𝑝 orbitals of the S, Se and Te species. The electronic band
structures are plotted in Fig. 2 for PdSTe and PdSeTe respectively. It
can be clearly observed that the electronic bands around the Fermi level
(situated at the 0 eV level) are successfully reproduced.

Fig. 3 shows the phonon dispersion curves attained through DFT
using QE (dashed black curves) and those obtained by the MLWFs
(red curves) for the Janus PdSTe and PdSeTe structures. Again, the
agreement between the two curves is strikingly good. These graphs
are equivalent to those determined using PHONOPY code [78] in [26].
Despite the dynamical stability of the structures, some small negative
(imaginary) frequencies appear in the region around the point 𝛤 [26],
possibly due to numerical noise.

The second criterion for convergence is the accuracy of the Wannier
interpolation technique, which is the basis of a correct calculation of
the electron–phonon coupling 𝜆. To do so, we look at the spatial local-
izations of the electronic Hamiltonian 𝐻𝑒𝑙 and the dynamical matrix
𝐷𝑝ℎ. The corresponding matrix elements, in the MLWFs’ representation,
are defined as [79]:

𝐻𝑒𝑙
𝑅𝑒 ,𝑅′

𝑒
=
∑

�⃗�

𝑤�⃗�𝑒
−𝑖�⃗�.(𝑅𝑒−𝑅′

𝑒)𝑈†
�⃗�
𝐻𝑒𝑙

�⃗�
𝑈�⃗� (6)

𝐷𝑝ℎ

𝑅𝑝 ,𝑅′
𝑝
=
∑

𝑞

𝑤𝑞𝑒
−𝑖𝑞.(𝑅𝑝−𝑅′

𝑝)𝐷𝑝ℎ
𝑞
𝑒†
𝑞

(7)

where 𝑅𝑒, 𝑅′
𝑒, 𝑅𝑝 and 𝑅′

𝑝 are unit cell positions, 𝑤�⃗� and 𝑤𝑞 are BZ
weights, 𝑈�⃗� is a unitary transformation from Bloch functions to MLWFs
and 𝑒𝑞 are orthonormal eigenvectors of the dynamical matrix.

The Wannier–Fourier interpolation method is based on the decay
properties of the Wannier functions and the phonon perturbation in real
space. It is then possible to verify how each of the quantities described
in Eqs. (6) and (7) decays within the aforementioned supercells. A
detailed information of this technique can be found in [79].

Fig. 4 depicts the decaying of the spatial localizations of 𝐻𝑒𝑙
𝑅𝑒 ,𝑅′

𝑒
(call

it 𝐻(𝑅)) and of 𝐷𝑝ℎ

𝑅𝑝 ,𝑅′
𝑝

(call it 𝐷(𝑅)) with distance 𝑅 = 𝑅𝑒 − 𝑅′
𝑒 or

𝑅 = 𝑅𝑝 − 𝑅′
𝑝 for PdSTe and PdSeTe. Within a distance of 30 Å, 𝐻(𝑅)

decays to 4.2 × 10−4 and 4.8 × 10−4 for PdSTe and PdSeTe respectively.
On the other hand, 𝐷(𝑅) goes down to ∼2.67× 10−5 and 1.96 × 10−5

in PdSTe and PdSeTe. These low values indicate that the chosen fine
grids accurately define the electronic and phonon parts.
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Fig. 4. Graphs on the left hand side represent the spatial decay of the electronic part of the Hamiltonian in the Wannier representation for 1T PdSTe and PdSeTe while those on
the right hand side represent the spatial decay of the phonon dynamical matrices.
Fig. 5. (Color online) (a) Eliashberg function 𝛼2𝐹 (𝜔) along the whole frequency range for 1T PdSTe and PdSeTe systems and (b) The average el–ph coupling coefficient, over the
ampled fine grid of q points, per mode 𝜆𝜈 . In both structures, the longitudinal modes give the highest contributions to the total el–ph coefficient 𝜆. As a guide to the eye, the

values have been joined by dashed lines.
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4. Results and discussions

Fermi energy shifts of the form 𝛥𝐸𝐹 = 𝐸𝐹 − 𝐸𝐹0 will take on the
values 35 and 65 meV for PdSTe and PdSeTe respectively, where 𝐸𝐹
and 𝐸𝐹0 refer to the shifted and unshifted Fermi energies respectively.
Since 𝐸𝐹0 is displaced towards the conduction bands, an increase in
the number of electrons is expected. These particular values represent
the minimum raise in 𝐸𝐹0 needed to produce non zero values of 𝜆
n the systems considered. Based on a nearly free electron model, by
upposing that the energy is quadratic near the maxima and minima
f the valence and conduction bands with the mass of the electron
eing substituted with an effective mass, we can safely state that for
2D system, E𝐹 is proportional to the density of electrons per unit

ell area (𝑛). Without loss of generality, we can then mathematically
rite that 𝛥𝐸𝐹 /E𝐹0 = 𝛥𝑛/𝑛0, where 𝛥𝑛 = 𝑛-𝑛0. Therefore knowing the

lectron density for the undoped system 𝑛0, 𝑛 for the various Fermi
nergy shifts can be consequently determined. In what follows, the
oping concentration is referred to as 𝛥𝑛/𝑛0× 100. For PdSTe, 𝑛0 =
.82 × 1016/cm2 and becomes 𝑛 = 1.85 × 1016/cm2 for 𝛥𝐸𝐹 = 35 meV.
n the case of PdSeTe, 𝑛0 = 1.75 × 1016/cm2 and increases to 𝑛 =
.82 × 1016/cm2 for 𝛥𝐸𝐹 = 65 meV. These shifts correspond to a ∼ 2%
oping for PdSTe and ∼ 4% doping of PdSeTe. In either case, since we
4

an still assume that 𝑛 ≈ 𝑛0, we can consider the Janus structures to be
ightly doped. If so, the electronic and phonon dispersion bands of the
ndoped systems can be used to calculate 𝜆. The nature of the dopant
emains an open question that will be treated in a future publication.

Fig. 5(a) shows plots of the Eliashberg functions 𝛼2𝐹 (𝜔) for PdSTe
nd PdSeTe versus the phonon frequencies 𝜔, given in meV. For a
5 meV shift, we notice that PdSTe’s 𝛼2𝐹 (𝜔) function possesses one
arge sharp peak at ∼33.57 meV, and two small peaks around 14
nd 20.3 meV; this implies that high optical phonon modes contribute
he most to the el–ph coupling mechanism. Similarly, for PdSeTe, the
ighest sharp peak appears at 𝜔 ∼ 35.35 meV and two smaller peaks
ppear in the vicinity of 21.8 and 23.8 meV.

To back up the above discussion, Fig. 5(b) displays the contribution
f each of the nine vibrational modes to 𝜆, denoted by 𝜆𝜈 . These are
btained by evaluating ∑

𝑞 𝜆𝑞𝜈∕𝑁𝑞 , where 𝑁𝑞 is the total number of
ampled phonon q-points. The 𝑥-axis depicts the nine modes of vibra-
ion; ‘‘ZA’’, ‘‘LA’’, ‘‘TA’’ are the flexural, longitudinal and transverse
coustical modes while ‘‘ZO’’, ‘‘LO’’ and ‘‘TO’’ denote the flexural,
ongitudinal and transverse optical modes with two types for each
ode, referred to as ‘‘1’’ and ‘‘2’’. In PdSTe, contributions from the

ongitudinal high optical modes and the longitudinal acoustic mode
re manifest; for 𝛥𝐸 = 35 meV, LO contributes about 72% and LA
𝐹 2
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Fig. 6. (Color online) The change of the McMillan–Dynes critical temperature T𝑐 as
a function of the screened Coulomb potential 𝜇∗. The values have been joined by
continuous lines.

∼ 32% to the total 𝜆. The role of the low lying optical mode LO1
s revealed, in PdSeTe: for 𝛥𝐸𝐹 = 65 meV, the highest contributions
o the overall 𝜆 come from both LO1 (∼35%) and LO2 (∼42%). The
ongitudinal acoustic (LA) mode still contributes but with only ∼ 9%.

PdSTe reaches a cumulative 𝜆 = 1.77 for 𝛥𝐸𝐹 = 35 meV, whereas
dSeTe has 𝜆 = 0.50 for a 65 meV shift. Therefore PdSTe has an
dvantage over PdSeTe, reaching a higher value of 𝜆, for a smaller
ermi energy shift. Using Eq. (4), we obtain for the minimum super-
onducting temperature values T𝑐 = 28.19 K and 0.28 K for PdSTe and
n PdSeTe respectively, corresponding to 𝜇∗ = 0.2. For the complete
ange 0.1< 𝜇∗ <0.2, 28.19 K <T𝑐 < 33.51 K for PdSTe and 0.28 < T𝑐 <
.77 K for PdSeTe. Fig. 6 shows the variation of T𝑐 with respect to 𝜇∗

or both systems.
Two remarks are in order here: Firstly, no higher Fermi energy

hifts have been considered in this study because these will correspond
o higher electron doping concentrations. Albeit, this generates larger
l–ph coupling parameters, these scenarios cannot be treated within
BA as they imply a heavy doping mechanism. Secondly, our choice to

nvestigate PdSTe and PdSeTe in particular is because, again in these
ystems, small Fermi energy shifts induce small (the smallest) doping
evels. As far as the electron–phonon coupling in other Pd TMDs, such
s 1T PdS2, PdSe2 and PdSSe is concerned, our calculations demonstrate
hat 𝛥𝐸𝐹 takes on minimum values of around 100 meV, 300 meV and
00 meV respectively to produce a significant el–ph coupling. These
alues are large compared to those of PdSTe and PdSeTe and will
orrespond to doping levels larger than 4%. In fact, the above values
re equivalent to a 5.4%, 16.2% and 23.54% doping in PdS2, PdSe2
nd PdSSe respectively. Such high doping levels, principally in PdSe2
nd PdSSe, cannot be discussed within the framework of RBA since
mportant changes in the electronic and phonon band structures cannot
e neglected.

Comparing the T𝑐 values of the systems in question to those for
ther superconducting structures in the literature, undoped 𝛽12 and 𝜒3
ype borophenes are superconductors with T𝑐 = 18.7 K and 24.7 K
espectively [12] (𝜇∗ = 0.1 is used). For the same value for 𝜇∗, lightly
oped 1T PdSTe is expected to register higher 𝑇𝑐 values. These su-
erconducting temperatures are also larger than those of graphene de-
osited on Li (8.1 K) [80], doped silicene with 0.44e/atom (7.1 K) [81],
oped phosphorene with 0.1 e/atom (4.2 K) [82], stanene deposited
n Li (1.3 K) [83], doped arsenene under a biaxial tensile strength of
% [53] and the 2D Mo2B2 systems with 𝑇𝑐 = 3.9 K and 0.2 K for tetra
nd tri forms respectively.

As far as TMDs are concerned, the semi metal PdTe2 was recently
eported to be a type-I superconductor with T𝑐 ∼ 1.64 K [84]. Also bulk
emi metal MoTe2 is superconducting with 𝑇𝑐 ∼ 0.1 K which increases

to 8.2 K upon the application of an 11.7 GPa pressure [85]. Proximity
5

induced superconductivity in WTe2 is discussed in [86], where it has
been found that a 42 nm thick layer of WTe2 is superconducting with
𝑇𝑐 = 1.2 K.

Moreover metallic 1T and 1T′ phases of MoS2 demonstrate a super-
conducting behavior when intercalated with potassium K reaching 𝑇𝑐 =
2.8 and 4.2 K respectively [87]. For Pd TMDs, pressure induced super-
conductivity in the pyrite phases of PdSe2 [88] and PdS2 [89] have
been considered. These values are still smaller than the T𝑐 determined
for the lightly doped PdSTe system considered in this work.

5. Conclusion and final considerations

This work presents a preliminary study on the induction of super-
conductivity in the semiconducting 2D 1T Pd Janus structures PdSTe
and PdSeTe, by slightly increasing their Fermi energies (electron or
𝑛 doping) and verifying the enhancement in their el–ph coupling.
The corresponding results are considered reasonable within the Rigid
band approximation (RBA) when both the electronic and phonon band
structures of the systems do not get largely affected by the shifts.
These two systems should fit in the above description because the
small displacements in the Fermi energy do not cause a large variation
in the electronic concentration. Indeed, our results demonstrate that
variations as small as 35 meV and 65 meV in PdSTe and PdSeTe re-
spectively, produce measurable el–ph coupling coefficients, calculated
to be 1.77 in PdSTe and 0.5 in PdSeTe with minimum values of the
superconducting temperatures of ∼28.19 K and 0.28 K for PdSTe and
PdSeTe respectively; moreover the new electron densities remain in
the order of the initial electron densities. Interestingly, longitudinal
acoustic and optical vibrational modes contribute the most to the el–ph
coupling in both systems.

However, the RBA should fall apart for other Pd TMDs, namely
PdS2, PdSe2 and PdSSe, which require larger shifts in the Fermi energies
to enhance the el–ph interactions. This corresponds to ∼16% electron
doping in PdSe2 and ∼23% in PdSSe. In these situations, the band
structures of the undoped systems cannot be used to obtain the el–
ph coupling coefficient and the corresponding T𝑐 . Consequently, RBA
cannot be used to predict the el–ph coupling in these systems, since
the above high percentages imply that the new electron concentrations
become distant from the initial concentrations, a sign of heavy doping.

The results presented in this manuscript are intended to be pre-
liminary, investigating the minimum requirements to strengthen the
el–ph coupling in Pd Janus structures. They indicate that 𝑇𝑐 for PdSTe
is largest and is larger than superconduction temperatures registered
for other 2D materials already studied including borophene, stanene,
phosphorene and arsenene as well as other TMDs.

To verify the validity of the RBA results presented in this manuscript,
PdSTe and PdSeTe must be doped with atoms that promote 𝑛-doping
and whose electron concentration percentages match the ones discussed
in this work. Fermi energy shifts, electronic band structures and phonon
dispersion bands can then be obtained. This allows the computation of
the el–ph coupling 𝜆 and T𝑐 , whose values can be compared against the
ones estimated in this study. The electronic and phonon band structures
of the lightly doped structures would also facilitate the evaluation of
the superconducting gaps, in an attempt to obtain better estimates
of T𝑐 as well as the electron–phonon quasiparticle corrections to the
Kohn–Sham (KS) energies.
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