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Superconducting properties in doped 2M-WS, from first principles
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A new member of the transition metal dichalcogenide (TMD) family, 2M-WS5, has been recently
discovered and shown to display superconductivity with a critical temperature (7c) of 8.8 K, the
highest T. among superconducting TMDs at ambient pressure. Using first-principles calculations
combined with the Migdal-Eliashberg formalism, we explore how the superconducting properties
of 2M-WS, can be enhanced through doping. Mo, Nb, and Ta are used as dopants at the W
sites, while Se at the S sites. We demonstrate that the monotonous decrease in the T, observed
experimentally for Mo and Se doping is due to the decrease in density of states at the Fermi level
and the electron-phonon coupling of the low-energy phonons. In addition, we find that a noticeable
increase in the electron-phonon coupling could be achieved when doping with Nb and Ta, leading
to an enhancement of the 7. up to 50% compared to the undoped compound.

INTRODUCTION

Transition metal dichalcogenides (TMDs) are among
the most studied van der Waals layered materials with
unique physical and chemical properties that have found
a broad range of applications in electronics, optoelectron-
ics and energy storage [1-3]. TMDs can adopt hexag-
onal (2H), trigonal (1T), orthorhombic (T4), or mono-
clinic (1T") crystal structures, with different stacking se-
quences of individual MXs layers (M = transition metal,
X = chalcogen) [4, 5]. As a result, this class of materi-
als exhibits a wide variety of electronic properties, rang-
ing from insulating to metallic. For example, 1T-HfSs is
an insulator with a band gap of ~2 eV [6, 7], 2H-MoSs
and 2H-WS, are semiconductors with high mobility [8, 9]
and promising materials for valleytronics [10, 11], Tgy-
WTe, and T4-MoTe, are Weyl semimetals with large
magnetoresistance and pressure-driven superconductiv-
ity [4, 12, 13], and 2H-NbSy and 2H-NbSe; are metals
with superconducting and charge density wave transi-
tions [14-17].

Recently, in group VI-TMDs, two new members 2M-
WSs and 2M-WSey; have been synthesized by deinter-
calation of potassium ions from K,WS,; and K,WSes
crystals, respectively [5, 18]. The resulting compounds
are both metallic, and 2M-WS, exhibits superconductiv-
ity with a critical temperature (7¢) of 8.8 K, the high-
est T, among superconducting TMDs at ambient pres-
sure. In addition to being superconducting, this phase
has been predicted [5, 19], and later confirmed [20], to
display topologically protected surface states with a sin-
gle Dirac cone at the Brillouin zone (BZ) center. On
the other hand, in the sister compound 2M-WSes, su-
perconductivity only appears under pressure at 4.2 GPa,
and the critical temperature reaches a maximum value of
7.3 K at 10.7 GPa [21].

The superconductivity in 2M-WS, has been further ex-
amined in muon spin relaxation/rotation [22], low tem-
perature thermal conductivity [23], and scanning tun-

neling microscopy [24] experiments. These studies have
suggested either a single gap with s-wave symmetry [22]
or anisotropic multiple superconducting gaps [23, 24], re-
spectively. A recent theoretical study using the Migdal-
Eliashberg (ME) formalism [25, 26] has shown that both
bulk and bilayer 2M-WSs are single anisotropic full gap
s-wave superconductors [27]. Finally, few experiments
have been carried out to understand the effect of pres-
sure and doping (with Mo and Se) on the superconduct-
ing properties of 2M-WS,, and found that both have a
negative effect on the T, [22, 28, 29]. These findings mo-
tivated us to examine the superconductivity in 2M-WSs
more closely and explore if the critical temperature can
be further enhanced through doping.

In the present work, we applied the ME theory [26, 30]
to investigate the superconducting properties of 2M-
Wi1_+X:Ss (X = Mo, Nb and Ta) and 2M-WSy(; _;)Sea,.
Doping was simulated using chemical substitution at the
W and S sites or employing the virtual crystal approxi-
mation (VCA) method. We found that 2M-W;_, Mo, S
and 2M-WSy(;_,)Sey, are dynamically stable within the
full doping range 0 < x < 1, while 2M-W;_,Na,Ss and
2M-W;_,Ta,Ss for 0 < x < 0.5. We showed that the
drop in the T, observed experimentally for Mo and Se
doping [28, 29] is due to the decrease in the density of
states at the Fermi level (Ng) and the electron-phonon (e-
ph) coupling of the low-frequency phonons. Furthermore,
we predict that the e-ph coupling, and subsequently the
critical temperature, can be enhanced if doping levels up
to 50% can be achieved for Nb or Ta.

METHODS

The ab initio calculations were carried out with the
Quantum ESPRESSO (QE) [31] package. We used
relativistic optimized norm-conserving Vanderbilt pseu-
dopotentials [32, 33] with the Perdew-Burke-Ernzerhof
(PBE) [34] exchange-correlation functional in the gen-
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(a) Crystal structures of 2M-WS,. (b-d) Variation of lattice parameters and volume of 2M-WS, as a function of

doping content z. Computational results with substitutional doping and the VCA method are shown with cross and open
symbols. Experimental data for Mo [28] and Se [29] doping are shown with filled symbols.

eralized gradient approximation. To properly treat the
long-range dispersive interactions, we employed the non-
local van der Waals density functional optB86b-vdW [35—
37]. A plane wave kinetic-energy cutoff value of 60 Ry, a
I-centered 12 x 12 x 12 Monkhorst-Pack k-mesh [38], and
a Methfessel and Paxton smearing [39] width of 0.01 Ry
were used for the BZ integration. The atomic posi-
tions and lattice parameters were optimized until the self-
consistent energy was converged within 2.7x107° eV and
the maximum Hellmann-Feynman force on each atom
was less than 0.005 eV /A. For the density of states, we
used a denser 30 x 30 x 30 k-mesh and a lower smearing
value of 7.35 x 10~° Ry. Chemical substitution of W and
S was used to simulate doping at x = 0.5 (i.e., 50%) with
Mo, Na, and Ta, and z = 0.25 (25%) and = = 0.5 (50%)
with Se, respectively. To investigate intermediate com-
positions that would had required large supercells with
substitutional doping, we used instead the VCA method.
The structural analysis was performed with the MAISE
package [40]. The dynamical matrices and the linear
variation of the self-consistent potential were calculated
within density-functional perturbation theory [41] on the
irreducible set of a regular 4 x 4 x 4 g-mesh.

The isotropic ME formalism implemented in the EPW
code [25, 26, 30, 42] was used to investigate the supercon-
ducting properties. The Wannier interpolation [43, 44]
was performed on a uniform I'-centered 8 x 8 x 8 grid
with 22 maximally localized Wannier functions (five d-
orbitals for each W atom and three p-orbitals for each
S atom). The isotropic Eliashberg spectral function was
computed for uniform 30 x 30 x 30 k- and g-point grids,
with Gaussian smearing values of 25 meV for electrons
and 0.1 meV for phonons. The Matsubara frequency cut-
off was set to 0.5 eV and the Coulomb pseudopotential
to 0.1 when solving the isotropic ME equations.

CRYSTAL STRUCTURE

2M-WSs crystallizes in the monoclinic crystal struc-
ture with inversion symmetry (space group C2/m, No.
12). The unit cell consists of individual 1T’ monolay-
ers as in 1T-WTe; and T4-MoTes but displays a dif-
ferent stacking order along the direction perpendicular
to the atomic layers. Note that the unit cell axes par-
allel to the atomic layers are chosen as b and ¢, while
the axis oriented perpendicular to the layers as a. As
shown in Fig. 1(a), the position of the W atoms is away
from the octahedral center leading to a zigzag pattern
along the b direction. The primitive unit cell consists
of six atoms, where the two W atoms occupy one in-
terdependent Wyckoff site 4i (0.743817; 0.5; 0.796634),
and the four S atoms occupy two independent Wyck-
off sites 4i (0.859592; 0.0; 0.678023) and 4i (0.604765;
0.0; 0.787555). The optimized lattice parameters a =
12.941 A, b = 3.225 A, ¢ = 5.717 A, and 8 = 112.691°
are consistent with previous experimental and theoretical
results [5, 24].
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FIG. 2. (a) Fhergy difference between the 2M and 2H phases of
group VI TMDs. (b) Formation enthalpy as a f unction of dopant
content .

Figure 1(b-d) shows the dependence of the lattice pa-
rameters as a function of the doping concentration. As
the S content is reduced by doping with Se, the unit
cell volume increases very rapidly since longer covalent
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of the colored dots proportional to the weight of the orbital contribution.

intra-layer bonds are formed for the larger size dopant
atom [45]. As expected, only a small variation is found
when replacing W with Mo since the ionic radius of Mo
is only slightly smaller than that of W. For instance, the
in-plane parameters b and ¢ remain at an almost con-
stant value. Our results compare well with the experi-
mental data extracted for polycrystalline samples doped
with Mo and Se [28, 29]. In both cases, the lattice pa-
rameters and volume display a nearly linear dependence
with doping according to Vegards law, which indicates
that no phase transition takes place for isovalent dop-
ing and the dopants simply substitute the atoms of the
parent 2M-WS, compound.

Next we investigate what happens when doping at the
W sites with the slightest larger Nb and Ta atoms. Be-
ing placed at the left of W in the periodic table, these
elements have one less d-electron, making the system p-
doped. In this case, the out-of-plane and in-plane lattice
parameters change in opposite directions; a contracts,
while b and ¢ expand, the net result being a small varia-
tion of the unit cell volume. Another important finding
is that for both Nb and Ta doping, the system becomes
dynamically unstable above z > 0.5, and undergoes a
phase transition from the monoclinic 2M to the trigonal

1T crystal structure (space group P3m;, No. 164).

To gain insight into the energetic stability of the 2M
phases at ambient pressure we computed the energy dif-
ference between the 2M and 2H phases of MoSy, WSs,
and WSey compounds. As shown in Fig. 2(a), the
2H crystal structure is found to be the ground state
in all cases. Despite being approximately 0.56 eV and
1.04 eV higher in energy compared to the 2H phase, 2M-
WSes and 2M-WS, have been synthesized via deinter-
calation of interlayer potassium cations from K,WSe,
and Ko ;WS crystals, respectively [5, 18]. Based on

these results, it is highly possible that the 2M metastable
phase of MoS, can also be synthesized using similar ex-
perimental techniques. We also checked the stability of
the W1_;Mo,Sz and 2M-WSy (1 _,)Sez; alloys with respect
to their parent compounds. For example, the formation
enthalpy AH of W;_,Mo,Ss is defined as: AH(z) = (1
—x)E(W Sa)+axE(MoS3)—E(W1_,Mo,S2), where FE
represents the energy of each compound and z is the
dopant content. As illustrated in Fig. 2(b), we find that
the T'= 0 K formation enthalpy is negative across the
entire composition range, which suggests that both W;
—zMo,Sy and 2M-WSy(;_;)Sey, alloys are stable with
respect to decomposition into the parent compounds.

ELECTRONIC PROPERTIES

Figure 3(a) shows the electronic band structure of 2M-
WS, with atomic orbital decomposition. A characteris-
tic feature of non-trivial topology is found just below the
Fermi level (EF) at the I" point, where an inversion takes
place between two bands made of S pg,, and W d.,/d.,
orbitals [5, 19, 22]. The upper electron-like band of the
pair crosses the Fermi level along the N-I'-Nj direction
(see Fig. S1 in the SM [46] for the high-symmetry points in
the BZ of 2M-WS5). Another hole-like band of pre-
dominantly W d.,/d., characters is also present at the
Fermi level. This band has a camel shape with the two
humps crossing the Fermi level along the N1-Y and Y-M
directions, respectively. As has been found in Refs. 5 and
20, these multiple crossings at the Fermi level give rise to
a complex FS structure with eight sheets. The density
of states (DOS) along with the orbital resolved contribu-
tions is also shown in the right panel of Fig. 3(a). The
S pzy orbitals give almost half of the total DOS, while
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approximately 20% comes from the W d.,/d., orbitals.
In accordance with previous studies [19, 27], the inclu-
sion of spin-orbit coupling (SOC) is found to have only
a minor effect. In particular, there is a small (33 meV)
increase in the size of the gap formed between the valence
and conduction bands just below the Fermi level at the
I point (see Fig. S2(a) in the SM [46]). Since the DOS
remains largely unaffected over a wide energy window,
the effect of SOC is not taken into consideration when
we explore the effect of doping.

We further examine how substitutional doping at the
W sites affects the electronic properties of 2M-WSs.
Fig. 3(b, d-e) shows the electronic band structure and
DOS at 50% doping with Mo, Nb, and Ta. Results at
other doping levels with the VCA method are shown in
Figs. S3(a), S4(a), and S5(a) in the SM [46]. For Mo
doping, the I'-centered S pg, electron pocket moves up
in energy relative to the Fermi level. A similar behavior is
also observed at the Y point, where another pocket made
of S pyy orbitals extends towards the conduction band
and crosses the Fermi level. In 2M-MoSs, the tip of this
hole-like band lies just above the Fermi level, and merges
with the Mo d2_,2 electron pocket forming a Dirac point
crossing, as shown in Fig. 3(c). With such electronic re-
arrangements, there are also noticeable changes in the
DOS profile. For instance, the peak present in the DOS
at the Fermi level in 2M-WS, is shifted upwards, leading
to a 20% decrease in the DOS at Er in 2M-MoS,.

When doping with the nearby transition metals in the
periodic table Nb and Ta, the bands of predominant W
d.y/dsy characters in the undoped system (blue dots in
Fig. 3(a)) are pushed up and the band inversion at the
I'-point is removed. Since the mixed compounds are
p-doped, the Fermi level is positioned deeper into the
valance band and the DOS at the Fermi level (Ny) in-
creases by approximately 20%. Compared to 2M-WS,,
the S ps, states do not provide anymore the dominant
contribution to the DOS at Fr.

The effect of doping at the S sites with Se is shown in
Fig. 3(f-g) and Fig. S6(a) in the SM [46]. With increas-
ing Se concentration, the I'-centered electron pocket of
chalcogen p, character widens and elongates, while the
hole pockets near the Y point shrink. These changes in
the band structure give rise to a monotonic decrease in
the DOS at the Fermi level. In 2M-WSe,, Nf is about
two times lower than in 2M-WS,.

To investigate intermediate doping levels we used the
VCA method. Several studies have pointed out that this
approach has certain limitations in describing the elec-
tronic properties [47, 48]. As shown in Fig. S7(a-c) in the
SM [46], we find good agreement between the VCA and
subsitutional doping results when doping at the W sites
with Mo, Nb and Ta. While the agreement slightly dete-
riorates for Se doping at the S sites as shown in Fig. S8(a)
and (c) in the SM [46], the main features in the vicin-
ity of the Fermi level are well captured. The small dis-
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crepancies observed at the I' and Y points are expected
because the broken structural symmetry and local dis-
tortions that take place in the calculations with substi-
tutional doping are not captured by the VCA method.
Importantly, Ng is found to be comparable between the
two sets of calculations. This provides additional support
for employing the VCA method for concentration levels
that would otherwise require calculations with large su-
percells with the substitutional approach.

PHONON DISPERSION AND
ELECTRON-PHONON PROPERTIES

Figure. 4(a) shows the calculated phonon dispersion
of 2M-WS, along with the atom-projected phonon den-
sity of states (PHDOS), the isotropic Eliashberg spec-
tral function o®F(w), and the e-ph coupling strength ().
Two gaps at around 25 meV and 48 meV split the en-
tire spectrum into three parts. The modes in the lower
frequency region are primarily related to both in-plane
and out-of-plane vibrations of the W atoms, whereas the
intermediate and higher frequency modes correspond to
the vibrations of the S atoms. This is to be expected
considering that the atomic mass of W is more than five
times that of S. As for the electronic structure, the effect
of the SOC on the phonon dispersion is found to be negli-
gible. These results are in good agreement with previous
theoretical calculations [27].

Now we discuss how the phonon spectrum is modified
with substitutional doping. The low frequency modes
are mainly affected when doping with transition metals
Mo, Nb, and Ta at the W sites, while the intermediate
and high frequency modes when doping with Se at the S
sites. Asshown in Fig. 4(b) and Fig. S3(b) in the SM [46],
the lower-frequency gap in the phonon spectrum is grad-
ually reduced by increasing the Mo content as the low
frequency modes harden. In 2M-MoS,, the gap is com-
pletely closed and there is a mixed contribution of simi-
lar weight from Mo and S vibrations as can be seen from
the mode-resolved PHDOS in Fig. 4(c). On the other
hand, the gap widens with Nb and Ta doping since the
low frequency modes corresponding to the W vibrations
soften (see Fig. 4(d-e)). Finally, for Se doping, there is
an overall softening of the phonons in the intermediate
and high frequency regions, leading to a decrease in the
width of the two gaps as shown in Fig. 4(f-g). Compared
to 2M-WS,, the lower gap in the phonon spectrum is ab-
sent in 2M-WSes and the frequencies corresponding to Se
atoms are approximately scaled down by a mass factor
Vmge/ms = 1.6 (see Fig. 4(h)).

Additional results with the VCA method at different
doping levels are presented in Figs. S3(b), S4(b), S5(b)
and S6(b) in the SM [46]. We initially approximated the
mass of the virtual atom based on the mixing ratio of the
atomic masses of the two species according to expression
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Page 5 of 8

Journal of Materials Chemistry C

(@ ws,

(b)_W,:MoysS,

(@ Wy Nby S,

(©) WosTa,ss,

] Deotal Ay
-W -2
; "V
i .

FIG. 4.

L
03 0 1

MO 03 0 1 N I N Y Mo 5
a’F, A

PHDOS PHDOS

Phonon dispersion, phonon density of states, Eliashberg spectral function, and e-ph coupling strength of (a) WS,

(b) W0,5M00_5SQ, (C) MOSQ, (d) W0,5Nb0,582, (e) W0‘5Ta0,582, (f) VVSL5S<30,57 (g) WSSG, and (h) WSGQ in the 2M phase.

(1 — z)mw + zmx (X = Mo, Nb, and Ta) at the W
sites and (1 — z)mg + xmg. at the S sites, where x is the
doping concentration. This approach turned out to work
well when doping with transition metals (see Fig. S7(d-
f) in the SM [46]), but failed for Se doping where the
phonons in the 25-40 meV region were found to be too
soft. In this case, we used an alternative approach where
the mass of a single atom is scaled, while the other three
atoms take the mass of either S or Se according to the
doping concentration. The mass of the virtual atom is
given by mg + (4o — n)(mge — ms), where n = 0 for
0 <z<025,n=1for02 <zx <05 n=2for
0.5 < x <07, and n = 3 for 0.75 < x < 1. As an
example for 0.25 < z < 0.5, two atoms have the mass
of S, one atom that of Se, and one atom is scaled such
that at = 0.5 two atoms will have mass of the Se (i.e.,
equivalent to replacing two S atoms with Se in the sub-
stitutional doping case). As can be seen in Fig. S8(b,
d) in the SM [46], we find very good agreement between
the phonon spectra calculated with the VCA and substi-
tutional doping when this second mass scaling approach
was employed for Se doping. As mentioned earlier, over
50% doping with Nb or Ta leads to dynamical instability
as an imaginary mode develops across the whole BZ.

We now move to analyze the e-ph coupling and the
superconducting properties. A comparative analysis of
the Eliashberg spectral function o?F(w) and the atom-
projected PHDOS shows that in 2M-WSy the low-
frequency modes associated with the W vibrations con-
tribute around 75% of the total e-ph coupling strength
A (red dotted lines in Fig. 4(a)) and the remaining 25%
comes from the S modes in the intermediate and high
frequency regions (blue dotted lines).

Figure 5(a-b) summarizes the dependence of Ny and
A as a function of dopant concentration z. Doping with
Mo and S leads to a monotonic decrease in A as both the
DOS at the Fermi level and the e-ph coupling due to the
low-frequency phonons are reduced with increasing the

dopant content. Compared to 2M-WS,, A is reduced by
approximately 25% in 2M-MoS, and almost 60% in 2M-
WSe,. For Nb and Ta doping, A displays a V-shaped de-
pendence. These two distinct regimes manifest in a sharp
drop in A until the doping level reaches 20% followed by
an equally sharp increase to the maximum value at 50%
doping. This two-stage behavior is again determined by
the combined behavior of the Ng and the low-frequency
phonons.

We find an overall good level of agreement between the
e-ph calculations with the VCA and the substitutional
doping approach. For example, at 50% Mo doping and
25% Se doping (Figs. S7(d) and S8(b) in the SM [46]), the
two sets of results are almost on top of each other. The
discrepancy in the case of Nb and Ta doping is due to the
stronger softening of the lowest frequency phonon branch
throughout the BZ in the calculations with substitutional
doping. As a result, at 50% doping, the e-ph coupling in
the region below 5 meV is enhanced by approximately
0.25 and 1.0 for Nb and Ta, respectively. Nevertheless,
the two approaches give values that are very close if the
contribution from the lowest phonon branch to A is ex-
cluded from the calculations with substitutional doping
(see blue and red dotted lines in Fig. 4(d-e)).

To estimate the superconducting 7., we solved the
isotropic ME equations using a Coulomb pseudopoten-
tial u* = 0.1. Consistent with previous experimental and
theoretical studies [18, 27], we obtain a critical tempera-
ture of 8.7 K in 2M-WS5. Moreover, in line with experi-
mental resistivity measurements, we find that the super-
conducting T is reduced with Mo and Se doping [28, 29].
As shown in Fig. 5(c), the variation in T. with doping
mirrors the trends observed for the Ng and A. In 2M-
MoS,, the T, drops to 2.5 K, while in 2M-WSes, the su-
perconductivity is completely suppressed. On the other
hand, the critical temperature of 2M-WS, could be en-
hanced to 10.8 K and 11.6 K at 50% doping with Nb or
Ta, respectively. For completeness, we also doped Te at
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S sites and transition metals Tc and Re at W sites. We
found that the system remains dynamically stable within
the full doping range in the Te case, while it becomes dy-
namical unstable above 35% doping with Re or Tc. No
increase in the critical temperature was found for any of
these three dopants.

CONCLUSIONS

We studied the superconducting properties of doped
2M-WS, by employing the isotropic Migdal-Eliashberg
theory. The monotonous decrease in the superconduct-
ing critical temperature observed experimentally for Mo
and Se doping is remarkably well reproduced by our first-
principles calculations. In addition, we find an intrigu-
ing V-shaped variation of the superconducting transition
temperature with Nb and Ta content and predict that
the T, may be enhanced by a factor of about 1.5 at 50%
doping. We also show that the change in the critical
temperature with doping can be explained by the depen-
dence of the density of states at the Fermi level and the
electron-phonon coupling of the low frequency phonons.
We hope that our findings will motivate future experi-
mental work on tuning the superconducting properties
of 2M-WSs with Nb and Ta doping.
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