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The unique three-dimensional orthorhombic NbS (0-NbS) compound synthesized in 1969 has recently been experi-
mentally confirmed to be a superconductor [Phys. Rev. B 108 174517 (2023)]. Howeyver, there is currently no theoretical
research on its superconducting mechanism. In this work, we investigate the superconducting properties of 0-NbS from
first-principles calculations. Based on the Eliashberg equation, it is found that the superconductivity mainly originates from
the coupling between the electrons of Nb-4d orbitals and the vibrations of Nb atoms in the low-frequency region and those
of S atoms in the high-frequency region. A superconducting transition temperature (7;) of 10.7 K is obtained, which is
close to the experimental value and higher than most transition metal chalcogenides (TMCs). The calculated thermody-
namic properties in the superconducting state, such as specific heat, energy gap, isotope coefficient, etc., also indicate that
0-NbS is a conventional phonon-mediated superconductor. These results are consistent with recent experimental reports
and provide a good understanding of the superconducting mechanism of 0-NbS. Furthermore, the TMCs of o-TaS and
0-WS are also investigated; these belong to the same and neighboring groups of Nb, and we find that o-TaS and o-WS are
also phonon-mediated superconductors with 7; of 8.9 K and 7.2 K, respectively.

Keywords: first-principles calculations, phonon-mediated superconductivity, orthorhombic transition metal

chalcogenides
PACS: 74.25.—q, 63.20.dk, 74.25.Jb, 74.20.Fg
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1. Introduction

Transition metal chalcogenides (TMCs) are generally
composed of transition metal elements and sulfur group ele-
ments (such as sulfur, selenium, and tellurium).['3 Some of
these TMCs are superconductors, which have been proven to
be ideal materials for studying novel physical properties in the
superconducting state, for example, the existence of electron—
phonon-driven charge density waves, Ising pairing, orbital-
selective multigap superconductivity and topological surface

4151 Thus, it is of great theoretical significance to find

states. [
superconductors among the TMCs.

As TMCs, NbS compounds have attracted extensive re-
search. The first hexagonal lattice NbS (h-NbS) with NiAs
type structure was prepared in 1954.116-18] It has been exper-
imentally reported that the h-NbS phase can be transformed
into the o-NbS phase at a high temperature of 1053 K.['°]
The o-NbS possesses a unique three-dimensional (3D) struc-
ture with Nb and S atoms in a distorted octahedral coordina-

t.[20-221 1t is of special interest to study the

tion environmen
superconducting properties of o-NbS. It is known that one-
dimensional (1D) and two-dimensional (2D) superconductiv-
ity has been found in TMCs, for example 1D Nb3Ss and

2D 2H-NbS,.29-221 Unlike 1D and 2D NbS compounds, o-

TCorresponding author. E-mail: hylu@qfnu.edu.cn
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NbS is a 3D structure and has a relatively simple structure
among known NbS compounds. Therefore, o-NbS provides
a good platform for theoretical research on the interplay be-
tween dimensionality, stoichiometry and superconductivity in
Nb chalcogenide superconductors.

Recently, o-NbS was synthesized by solid-state reaction
and the superconductivity of o-NbS with 7; of 6.0 K was ex-
perimentally confirmed by electrical, magnetic and heat trans-

23241 The coupling strength and normal-

port measurements. !
ized electronic specific heat analysis suggest that o-NbS is
a fully gapped s-wave Bardeen—Cooper—Schrieffer (BCS) su-
perconductor fitting perfectly with BCS theory. In addition,
first-principles calculations have revealed the dominant role of
the Nb-4d states. However, much more theoretical research on
0-NbS is needed. Inspired by these works, it is of great sig-
nificance to fully explore the superconducting mechanism of
0-NbS from first-principles calculations.

In this paper, we prove the compound’s dynamical stabil-
ity and show that Nb and S atoms form ionic bonds. We also
find that superconductivity mainly originates from the cou-
pling between the electrons of Nb-4d orbitals and the vibra-
tions of Nb atoms in the low-frequency region and those of
S atoms in the high-frequency region. A T of 10.7 K is ob-
tained, which is higher than that of most TMCs and is basically

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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in accordance with the reported experimental results. The cal-
culated thermodynamic properties also indicate that o-NbS is
a conventional phonon-mediated superconductor. The theo-
retical research into 0-NbS gives a better understanding of the
superconductivity of TMCs and provides a good explanation
for recently reported experimental results.>*! In addition, sim-
ilar methods are used to explore the TMCs of Ta and W, which
belong to the same and adjacent groups as Nb. It is found that
0-XS (X = Ta or W) are both conventional phonon-mediated
superconductors. This work provides valuable insights into
the broader family of TMCs.

2. Computational methods

This study employs density-functional theory (DFT)
first-principles electronic calculations with the Vienna ab
initio simulation package (VASP) code and the Quantum

23261 The generalized gradient ap-

Espresso (QE) package.!
proximation (GGA) is applied to describe the exchange—
correlation potentials with Perdew—Burke-Ernzerhof (PBE)
parameterization.[?”] With an energy cutoff of 600 eV, the lat-
tice relaxation, charge density difference analysis, electronic
band structure and electronic density of state (DOS) are calcu-
lated with the VASP package. The convergence parameters for
energy and forces are taken to be 10~7 eV and 0.01 eV-A~',
respectively. A k-point grid of 6 x 12 x 6 is chosen to cal-
culate the relaxation, charge density difference analysis and
electronic band structure. The electronic DOS is calculated
with an 18 x 36 x 18 k-point grid. Using the QE package,
the phonon spectrum and electron—phonon coupling (EPC) in
a 3 x 6 x 3 g-point grid are utilized. The cutoff energies of
the electron wave function and electron density are selected to
be 80 Ry and 800 Ry, respectively. The EPC characteristics
and superconductivity are calculated based on the Eliashberg
equation, and the calculation formulae are detailed in the sup-
plementary material.

3. Results and discussion
3.1. Crystal structure of 0-NbS

After sufficient structural optimization, the fully relaxed
lattice structure of o-NbS is shown in Fig. 1, where the green
balls represent Nb atoms and the yellow balls represent S
atoms. The lattice parameters are a = 6.56 A, b = 3.34 A,
and ¢ = 5.78 A, which are in good accordance with experi-
mental data (a = 6.45 A, b =3.32 A and ¢ = 5.86 A).?*1 In
Fig. 1(a), each unit cell consists of four Nb atoms and four S
atoms. There are four types of Nb—S bonds with lengths of
249 A,2.53 A,2.55 A and 2.59 A, respectively.

The charge density difference is shown in Fig. 1(b), and
the electron localization function is represented in Figs. 1(c)
and 1(d). The results for charge density difference show that

the electrons transfer from the Nb atom to the S atom, and
the further Bader charge analysis also demonstrates that each
Nb atom loses 1.2¢ to the S atoms (Table 1). As a result, an
ionic bond forms between each Nb atom and nearby S atoms.
In fact, the presence of strong electron localization regions
around the Nb and S atoms serves as evidence for the ionic
bonding of the Nb atoms with S atoms, as shown in Figs. 1(c)
and 1(d).

(a)
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Onb

|
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Fig. 1. (a) Crystal structure of o-NbS. (b) Charge density difference of o-
NbS with cyan and yellow representing the loss and gain of electrons. 2D
maps of the electron localization function for Nb (c) and S (d) of 0-NbS.

Table 1. Bader charge (in units of |e|) for each atom in the 0-NbS unit cell.

Atom Nb 1 Nb2 Nb3 Nb4 S 1 Sz S3 S4

Charge 11.8 11.8 11.8 118 72 72 72 172

3.2. Electronic structure of 0-NbS

The electronic band structure along high-symmetry lines
and the DOS near the Fermi level were calculated. The spin—
orbit coupling (SOC) effects on the energy band and DOS are
considered in Figs. S1(a) and (b) in the supplementary mate-
rial. In Fig. S1 we can see the effect of SOC on the energy
band and the DOS is very small. The Fermi surface of the four
energy bands passing through the Fermi level in Fig. S2(a) is
in accordance with results in Fig. S1 as a higher Fermi veloc-
ity in Fig. S2 corresponds to a steeper energy band in Fig. S1.
From Fig. S1 we also see that there is no significant band shift
or splitting near the Fermi level, and the band structure re-
mains basically unchanged. This implies that the effect of
SOC can be neglected in describing the superconducting prop-
erties. Therefore, we carry out all calculations without SOC in
the following.

The orbital-projected band structure of o-NbS is repre-
sented in Figs. 2(a) and 2(b). There are bands crossing the
Fermi level, indicating that the material is metallic. From the
orbital-projected band structure it can be seen that near the
Fermi level the contribution mainly comes from the Nb-d > or-
bital, and the lower one mainly originates from the d,, d,, and
d,» 2 orbitals of Nb atoms, while the contribution of S atoms
is very small.

027401-2
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Fig. 2. [(a) and (b)] Orbital-projected electronic band structures of 0-NbS along the high-symmetry line. (c) Total DOS and the DOS of Nb and S.

(d) Projected density of states of 0-NbS.

The DOS and projected density of states (PDOS) are
shown in Figs. 2(c) and 2(d). In Fig. 2(c), the total DOS near
the Fermi level is high, with a value of 5.6 states-eV~! mainly
due to the contribution of Nb atoms. The large total DOS near
the Fermi level may be beneficial for a large EPC constant and
lead to a high critical temperature of superconductivity. From
Fig. 2(d) it can be seen that the largest contribution to the DOS
near the Fermi level is from the Nb-d_ orbital followed by the
dy;, dyy and dxz,yz orbitals of Nb atoms; the Nb-d,, orbital
makes the smallest contribution. These results are highly con-

sistent with the contribution of the orbital-projected band.

3.3. Electron-phonon coupling and superconductivity of
0-NbS

The phonon spectrum of o-NbS was calculated and is
shown in Fig. 3(a). The phonon spectrum is weighted by
the magnitude A,y using different colors. The absence of an
imaginary frequency in the phonon spectrum indicates that this
material is dynamically stable. There are four Nb atoms and

four S atoms in each unit cell, corresponding to three acoustic

400 Min S : i | M Max
® : )
350F % \<
< S
300 —
Total
——Nb
—S
>\¢
/N ’\
U R T Z 0 0.1 0.2 0.3 0 0.3 0.6 0.9 1.2
PhDOS (states/cm™1) 2F(w), AM(w)

44.9 cm™!

44.9 cm™!

99.2 cm !

Fig. 3. (a) Phonon dispersions weighted by the magnitude of EPC A,y . (b) Total and atom-projected phonon DOS. (c) Elishberg spectral function
a?F () and the cumulative frequency dependence of EPC A (w). Panels (d)—(e) are vibration modes of o-NbS near the T point. The vibration
frequencies are shown below each diagram. The green and yellow spheres represent Nb and S atoms, respectively. The arrows show the direction

of the atomic vibration.
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modes and 21 optical modes. In Figs. 3 and S3, 1-24 corre-
spond to the atomic vibration pattern near the high-symmetry
line 7, where Nb atoms vibrate strongly in modes 1-12 and
S atoms vibrate strongly in modes 13-24. Phonon modes 1-3
at the T points mainly contribute to strong electron—phonon
interaction. In fact, there are 12 doubly degenerate phonon
modes among those modes. Diagrams 1-3 show that the
stretching vibration of Nb and S atoms in the vertical direction
leads to the softening of phonon spectra. This mode exhibits
strong interactions with electrons in Nb-4d orbitals, which is
beneficial for improving 7.

In Fig. 3(a), the low-frequency phonons at 7 show a
significant downward trend, and the low-frequency phonons
interact strongly with electrons, which may account for
The
phonon density of states (PhDOS), Elishberg spectral func-

the emergence of superconductivity with high T¢.

tion a’F(®) and accumulative EPC are also calculated, as
shown in Figs. 3(b) and 3(c). The decomposition of phonon
spectra provides more information about the vibrations of
atoms. As can be seen from Fig. 3(b), in the frequency re-
gion below 200 cm ™!, the main contribution to the total EPC
A(®) comes from the vibrations of Nb atoms, while above
275 cm~! it comes from the vibrations of S atoms, which is
in accordance with the fact that Nb atoms vibrate strongly
in the low-frequency region and S atoms vibrate strongly in
high-frequency region, as shown in 1-3 in Fig. 3 and 4-24 in
Fig. S3. In Fig. 3(c), the low-frequency phonons in the range
of 0-200 cm™! contribute almost 84% of the total A and the
optical branches in the frequency above 275 cm™! contribute
almost 16% of the total A. This is natural since S atoms are
lighter than Nb atoms. A large EPC together with a high crit-
ical superconducting temperature is expected due to the high
electronic DOS at the Fermi level. The calculations show that
the total EPC constant A is 1.05 and the corresponding T is

10.7 K.

It is well known that T is usually related to the Coulomb
pseudopotential p*. T, with respect to u* is shown in Fig. S4.
We choose series values of u* in the range of 0.05-0.15: T
decreases with increasing p*, which is similar to the case in
Ref. [33]. As u* increases from 0.05 to 0.15, the T; of o-
NbBS decreases from 15.5 K to 9.9 K. In this work, we choose

u* = 0.13 in accordance with the experimental values./**!

3.4. Electron—phonon coupling and superconductivity of
0-XS (X =Taor W)

Additionally, we study the superconductivity of 0-XS
(X = Ta or W). The orbital-projected bands of 0-XS are shown
in Figs. S5(a), S5(b), S6(a), and S6(b).
metallic as there are bands crossing the Fermi level. The DOS
and PDOS are shown in Fig. S5(c), S5(d), S6(c), and S6(d).
It can be seen that near the Fermi level, the electronic DOS

The materials are

mainly originates from Ta or W-4d orbitals and the contribu-
tion of S atoms is small, which is similar to the case of NbS.

The phonon spectra of 0-XS are calculated and shown
in Figs. S7(a) and S8(a). The o-XS are stable as there is no
imaginary frequency in the phonon spectrum. The PhDOS, El-
ishberg spectral function ?F (®) and accumulative EPC are
shown in Figs. S7(b), S7(c), S8(b), and S8(c). In the low-
frequency region, the main contribution to the total EPC A (®)
comes from the vibrations of Ta or W atoms, while in the high-
frequency region, it mainly comes from the vibrations of S
atoms, which is the same as behavior of NbS. In all, we find
that superconducting properties of 0-XS are similar to those of
0-NbS. The theoretically obtained 7; of o-TaS and o-WS are
8.9 K and 7.2 K, respectively, which are smaller than the 7
(10.7 K) of 0-NbS. The corresponding superconducting prop-
erties are shown in Table 2.

Table 2. Superconducting T;. (K), total EPC constant A, logarithmically averaged phonon frequency @, (K), DOS at the Fermi level N(EF)
(states/spin/Ry/unit cell), Sommerfeld constant ¥ (mJ-cm~3-K~2), specific heat jump at T, AC (T;) (mJ-cm~3-K~2), superconducting gap at 0 K
A(0) (meV), critical magnetic field at 0 K H¢(0) (T), isotope coefficient &, and 2A (0) /kg T for 0-X'S (X = Nb, Ta or W).

Compound T. A Olog N(Eg) y AC(Ty) A(0) Hc(0) o 2A(0) /kpTe
NbS 10.7 1.03 168.86 33.22 0.31 0.59 1.79 0.15 0.46 3.89
TaS 8.9 1.05 135.96 30.26 0.29 0.56 1.49 0.12 0.46 3.91
WS 7.2 0.84 169.92 29.64 0.27 0.46 1.16 0.09 0.44 3.73
3.5. Thermodynamic properties of 0-XS (X = Nb, Ta or 2A(0) . \? Wiog
=3.53|1+125 | 2
W) ke T + wog) \21. )|’ @
Finally, the thermodynamic properties such as critical 2
. . . AC(TC) N Tc Dyog
magnetic field H.(0), superconducting gap A(0), specific =1.43|1+53 o In AT , (3
heat jump AC (T;) and isotope coefficient & of XS (X = Nb, ¢ o ¢
Ta or W) were calculated by the following semiempirical 1 1 1.04(1+A)(1+0.624) ., @
formulae: 132 2 p—wasoen) |
2 2 2
e _ 0 168 112.2( Lo ) ln<w10g) . (D y= 3T kgN(Er)(1+2). )
Hc (0> Wiog 3T,
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Here kg is the Boltzmann constant.

The calculated results are shown in Table 2. It is worth
noting that the calculated values of zkAB—(ﬁc) and o for o-NbS are
3.89 and 0.46, respectively, which are close to those obtained
from conventional BCS theoretical calculations (%(TOC) ~3.53
and o ~ 0.5), suggesting that the materials are conventional
phonon-mediated superconductors. Besides, the calculated to-
tal EPC constant (A1) of 1.05 and T; of 10.7 K are compara-
ble to the experimental values for A of 0.59 and T; of 6.0 K.
We carried out more calculations and found that these mate-
rials have no magnetism, charge order wave or other possible
orders, which also support the phonon-mediated superconduc-

tivity in 0-NbS, o-TaS and o-WS.

4. Conclusion

In summary, we have investigated the superconductivity
of 0-NbS from first principles. We found that the superconduc-
tivity mainly originates from coupling between the electrons
of Nb-4d orbitals and the vibrations of Nb atoms in the low-
frequency region and those of S atoms in the high-frequency
region. In addition, the TMCs of o-TaS and o-WS were also
investigated. We found that 0-XS (X = Ta or W) are phonon-
mediated superconductors with 7¢s of 8.9 K and 7.2 K, respec-
tively. We carried out more calculations and found that these
materials have no magnetism, charge order wave or other pos-
sible orders, also supporting the phonon-mediated supercon-
ductivity in 0-NbS, o-TaS and o-WS. Thus, this research pro-
vides more understanding of the superconducting mechanism
of TMCs.
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