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Details of the DFT Calculations

All calculations were carried out using first-principles density functional theory (DFT).1,2

The structural optimizations and evaluation of the relative energies of the different poly-

morphs were carried out using the ab initio CRYSTAL17 code.3–5 Since different known and

hypothetical NbS3 polymorphs were going to be considered, we needed to check the adequacy

of different functionals to describe the main structural features for this type of material. As

a test we considered the performance of five different functionals (PBE,6 PBE0,7 M06L,8

B3LYP,9 and HSE0610) in coping with the main structural details of the semiconducting

NbS3-I phase which, at the beginning of our study, was the only one having a well deter-

mined crystal structure. The results of these calculations are summarized in Table S-IV.

Although with the single exception of B3LYP all functionals lead to a volume with less than

2% error, only one, HSE06, consistently describes all cell parameters with an error less than

1%. Including Grimme dispersion corrections11 did not improve the results. The HSE06

functional provides also an excellent match with the experimental band gap (Experimental

value: 1 ± 0.1,12 0.83 eV;13 calculated value: 0.99 eV). Taking these results into account,

all structural optimizations have thus been carried out using the HSE06 functional. The

all-electron atomic Gaussian basis sets used were 986-31-(631d)G14 for Nb and pob-TZVP

for S.15 For the calculation of the Coulomb and exchange integrals, the tolerance factors

of 7, 7, 7, 7, and 14 were used. The convergence criterion for the electronic energy was

set at 10−7 a.u.16 The reciprocal space integration used a mesh of (12×12×12) k-points in

the irreducible Brillouin zone chosen according to the Monkhorst-Pack scheme;17 the con-

vergence of the energy with the grid size was checked. In all geometry optimizations the

space group symmetry was not allowed to change. All other calculations were carried out

using a numerical atomic orbitals density functional theory (DFT) approach implemented

in the Siesta code.18–20 We have used the generalized gradient approximation (GGA) to

DFT and, in particular, the functional of Perdew, Burke and Ernzerhof.6 Only the valence

electrons are considered in the calculation, with the core being replaced by norm-conserving
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scalar relativistic pseudopotentials21 factorized in the Kleinman-Bylander form.22 We have

used a split-valence triple-ζ basis set including polarization orbitals with an energy shift

of 10 meV for all atoms.23 The energy cutoff of the real space integration mesh was 250

Ry. The Brillouin zone was sampled using grids of (20×20×20) and (30×30×30) k-points17

for determination of the density matrix and the Fermi surface, respectively. The Lindhard

response function,

χ(q) = −
∑
i,j

∑
k

fF (εi(k))− fF (εj(k + q))

εi(k)− εj(k + q)
, (1)

where f F is the Fermi-Dirac distribution function, was obtained from the computed DFT

band eigenvalues εi(k). The integral over k-points of the BZ was approximated by a direct

summation over a dense, regular grid of points. As the Lindhard function is more sensitive

to the accuracy of the BZ integration than the total energy, especially in very anisotropic

systems, and/or in the presence of hot spots in the band structure (e.g. saddle points with

the corresponding van Hove singularity in the density of states), the k-points grid used for

its calculation must be more dense than in the standard self-consistent determination of

the charge density and Kohn-Sham energy. The calculations are done, nevertheless, using

the eigenvalues obtained in the DFT calculation for the coarser grid, and interpolating their

values in the denser grid, using a post-processing utility available within the Siesta package.

In this work, for the calculation of the Lindhard response function, the BZ was sampled using

a grid of (64×256×64) k-points. The seven partially filled bands for NbS3-II, respectively

five for the NbSe3-type structure were those taken into account in the calculations.
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Figure S1: Labeling of the special points of the monoclinic Brillouin zone used in this work
where Γ= (0, 0, 0), X= (1/2, 0, 0), Y= (0, 1/2, 0), N= (1/2, 1/2, 0), M= (0, 1/2, 1/2), P=
(1/2, 0, 1/2) and Z=(0, 0, 1/2) in units of the monoclinic reciprocal lattice vectors.
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Figure S2: Band structure of NbS3-II calculated using the HSE06 optimized structure and
the PBE functional. Γ= (0, 0, 0), X= (1/2, 0, 0), Y= (0, 1/2, 0), M= (0, 1/2, 1/2) and
Z=(0, 0, 1/2) in units of the monoclinic reciprocal lattice vectors.
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Figure S3: Band structure of NbS3-II calculated using the experimental structure and the
PBE functional where the size of the yellow (a), red (b), purple (c) and orange (d) dots are
proportional to their NbIII , NbII , NbI and NbIV character, respectively. Γ= (0, 0, 0), X=
(1/2, 0, 0), Y= (0, 1/2, 0), M= (0, 1/2, 1/2) and Z=(0, 0, 1/2) in units of the monoclinic
reciprocal lattice vectors.
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Figure S4: A rotated view of the Fermi surface of NbS3-II showing that the closed pockets
are centered at the Z point of the BZ.

Figure S5: Comparison of the different stackings of the NbS3 bilayers in polymorphs Nb3-I
and Nb3-IV.
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Figure S6: Band structure for NbS3-V calculated using the HSE06 optimized structure and
the PBE functional. Γ= (0, 0, 0), X= (1/2, 0, 0), Y= (0, 1/2, 0), N= (1/2, 1/2, 0) and
Z=(0, 0, 1/2) in units of the monoclinic reciprocal lattice vectors.
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Figure S7: Band structure for NbS3-V’ calculated using the HSE06 optimized structure and
the PBE functional. Γ= (0, 0, 0), X= (1/2, 0, 0), Y= (0, 1/2, 0), N= (1/2, 1/2, 0) and
Z=(0, 0, 1/2) in units of the monoclinic reciprocal lattice vectors.
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Figure S8: Band structure of NbS3-IV calculated using the experimental crystal structure
and the (a) HSE06 and (b) PBE functionals. Γ= (0, 0, 0), X= (1/2, 0, 0), Y= (0, 1/2, 0),
N= (1/2, 1/2, 0) and Z=(0, 0, 1/2) in units of the monoclinic reciprocal lattice vectors. The
energy zero is the highest occupied energy level. Note the different energy scales.
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Table S-I: Calculated crystal structure for the NbS3 polymorph with the ”NbSe3”-type struc-
ture using the HSE06 hybrid functional.

Monoclinic P21/m, a= 9.6922 Å, b= 3.3564 Å, c= 14.67980 Å, β=108.6438◦

Atom x/a y/b z/c

Nb-1 0.3499 0.7500 0.8845
Nb-2 0.3282 0.7500 0.2103
Nb-3 0.3015 0.2500 0.4635
S-1 0.4476 0.7500 0.0692
S-2 0.1742 0.2500 0.9138
S-3 0.1925 0.2500 0.7716
S-4 0.1880 0.2500 0.0940
S-5 0.1949 0.2500 0.2797
S-6 0.5342 0.2500 0.2513
S-7 0.1001 0.7500 0.4330
S-8 0.4447 0.7500 0.4057
S-9 0.2450 0.7500 0.5743

Table S-II: Calculated crystal structure for the NbS3 polymorph with the ”TaSe3”-type
structure using the HSE06 hybrid functional.

Monoclinic P21/m, a= 10.2784 Å, b= 3.3925 Å, c= 9.2526 Å, β=109.5061◦

Atom x/a y/b z/c

Nb-1 0.1881 0.2500 0.6302
Nb-2 0.6568 0.2500 0.9382
S-1 0.9227 0.2500 0.5717
S-2 0.8641 0.2500 0.1912
S-3 0.6537 0.2500 0.4198
S-4 0.3954 0.2500 0.8851
S-5 0.1849 0.2500 0.0989
S-6 0.4147 0.2500 0.2737
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Table S-III: Calculated crystal structure for the NbS3-V’ polymorph using the HSE06 hybrid
functional.

Monoclinic P21/m, a= 4.8277 Å, b= 3.3463 Å, c= 9.1134 Å, β=81.7864◦

Atom x/a y/b z/c

Nb-1 0.7065 0.2500 0.6605
S-1 0.2371 0.2500 0.5481
S-2 0.5740 0.2500 0.1751
S-3 0.1026 0.2500 0.1742

Table S-IV: Experimental and calculated cell parameters using different functionals for
NbSe3-I. The error with respect to the experimental value is given in parenthesis.

Exp PBE M06L PBE0 B3LYP HSE06

a/Å 4.963 4.881 (-1.7%) 5.049 (1.7%) 4.976 (0.3%) 5.081 (2.4%) 4.967 (0.1%)

b/Å 6.730 6.750 (0.3%) 6.781 (0.8%) 6.741 (0.2%) 6.8511 (1.8%) 6.745 (0.2%)

c/Å 9.144 9.152 (0.1%) 8.879 (-2.9%) 9.238 (1.0%) 9.345 (2.2%) 9.215 (0.8%)
α/◦ 90.00 90.00 (0.0%) 90.10 (-0.1%) 89.80 (-0.2%) 89.70 (-0.3%) 89.70 (-0.4%)
β/◦ 97.32 99.00 (1.7%) 97.00 (-0.3%) 97.04 (-0.3%) 97.09 (-0.2%) 97.21 (-0.1%)
γ/◦ 90.00 90.00 (0.0%) 90.00 (0.0%) 90.00 (0.0%) 90.00 (0.0%) 90.00 (0.0%)

V/Å3 303.03 297.77 (-1.7%) 301.73 (-0.4%) 307.50 (1.5%) 322.80 (6.5%) 306.28 (1.1%)
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