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Insulator-to-metal transition in low-dimensional NbS; under pressure
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A first-principles study of the insulator-to-metal transition under pressure in NbS; is reported. In contrast
with previous proposals, it is found that the transition is not due to a progressive closing of the initial band gap
but to the inversion of the relative stability of two different polymorphs under pressure. The Fermi surface of

the new metallic state under low pressure (polymorph V') is discussed, and the possible occurrence of as yet
unknown incommensurate phases is suggested. The reason for the inversion of stability of the two polymorphs

is discussed.
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I. INTRODUCTION

Layered group IV and V transition-metal trichalcogenides
(TMTCs) have been the object of continued attention because
they exhibit challenging physical and chemical properties
such as charge density waves (CDWs), superconductivity,
easy chemical intercalation, etc. [1]. For instance, the CDW
material NbSe; is one of the archetypal low-dimensional
metals [2,3], and it was the first inorganic solid found to
exhibit Frohlich-type conductivity [4]. Whereas most of the
group-IV MX 3 (M = Ti, Zr, Hf; X = S, Se, Te) layered sys-
tems are semiconducting [1,5], ZrTe; is metallic, exhibits
a CDW at 63 K [6], and becomes superconducting under
a moderate pressure of 5 GPa [7]. Interest in TMTCs has
recently increased because of the possibility of preparing
them as single-layer or few-layers-thick samples, and it has
been shown that they may provide useful platforms for next-
generation electronic and optoelectronic materials [5,8,9].

An appealing feature of some of these solids is their rich
polymorphism [10]. For instance, NbS; has been shown to
exist in many different polymorphs exhibiting substantially
different physical behavior: semiconducting, metallic, CDWs,
etc. For instance, the more usual polymorph, NbS;-I [11],
exhibits TiS;-type structure [12] with a strong Nb-Nb dimer-
ization and is a semiconductor with an ~1eV band gap.
However, another polymorph, NbSs-II, is a metal [13] with a
layered structure [14] recalling that of NbSes; [15] and is one
of the very few materials exhibiting three successive CDWs
[16]. A recent theoretical study pointed out the possibility of
topological effects in still another polymorph [10]. The struc-
ture and transport properties of NbS3 are so subtly dependent
on the synthetic procedure that it has been recently shown that
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simply changing the nature of the transport agent in the chem-
ical vapor transport process can lead to a different polymorph
[17]. Under such conditions, pressure studies may be very
useful. In fact, pressure can drive several transitions in the
prototypical TiS; TMTC, which can evolve from insulating
to superconducting [18,19]. An insulator to superconductor
transition has been reported for HfS3 at 17 GPa [20]. Pressure
can also suppress the CDWs in NbSe; and stabilize a super-
conducting ground state [2].

Coming back to NbSs3, it has been reported that a metallic
state can be induced under pressure in the semiconducting
NbS;-I phase [21,22]. The conductivity increases by five or-
ders of magnitude for pressures around 5 GPa. In the most
recent study, the pressure evolution of the Raman shifts as
well as density functional theory calculations (DFT) were re-
ported [21], and it was concluded that pressure progressively
closes the initial gap to create partially filled bands and hence
a metallic-type conductivity. However, we have reasonable
concerns towards such a metallization mechanism. To begin
with, 5 GPa seems to be a weak pressure to close an initial
band gap of ~1¢eV in a material with strong covalent bonds.
For instance, closing a band gap of ~1¢eV in the structurally
related HfS3 requires 17 GPa [20]. More importantly, since
NbS; exhibits several different polymorphs, it seems more
likely that a second polymorph, metallic and less stable than
NbS;-I at ambient pressure, may be substantially stabilized
by pressure and become the ground state of the system at
around 4—-6 GPa. In addition, the electronic structure of this
experimentally observed moderate pressure metallic state has
not yet been described in any detail.

In view of the unusual behavior of metallic TMTCs, we
found it necessary to revisit the metallization mechanism
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of NbS;-I under pressure and to characterize the electronic
structure of this new metallic phase. In the present work, we
report a detailed DFT study of the evolution of structurally
strongly related NbS3; polymorphs under pressure. We show
that indeed a nondimerized and metallic NbS; polymorph
becomes more stable than the initial semiconducting phase
for pressures compatible with those of the experimental study,
and we report a detailed study of the evolution of the Fermi
surface of this metallic state under pressure.

II. COMPUTATIONAL DETAILS

All calculations were carried out using first-principles
density functional theory (DFT) [23,24]. The structural op-
timizations were carried out under hydrostatic pressures
(0-15 GPa) using the ab initio CRYSTAL17 code [25-27].
Following previous work on NbS3; polymorphs [10] where
the performance of different functionals was tested, the hybrid
functional HSEO06 [28] was adopted. The all-electron atomic
Gaussian basis sets used were 986-31-(631d)G [29] for Nb
and pob-TZVP for S [30]. 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 1077 a.u. [31]. The reciprocal space integra-
tion used a mesh of (12 x 12 x 12) k-points in the irreducible
Brillouin zone (BZ) chosen according to the Monkhorst-Pack
scheme [32], and the convergence of the energy with the grid
size was checked. In all geometry optimizations, the space
group symmetry was kept fixed.

III. TWO STRUCTURALLY RELATED POLYMORPHS

Shown in Fig. 1 are the calculated structures for two dif-
ferent polymorphs of NbS;—NbS3-I and NbS;-V—according
to the labeling in Ref. [33], which mostly differ for the
occurrence of dimerized and uniform Nb chains, respec-
tively. NbSs-I is the usual semiconducting polymorph of NbS3
[11,33]. The NbS3-V polymorph was experimentally reported
more recently [33]. Both structures were found to be stable
polymorphs according to DFT calculations [10]. These struc-
tures belong to the TiS5 structure type [12]: they are built from
NbS; chains of Nb atoms in a trigonal prismatic coordina-
tion such that the different trigonal prisms share the opposite
triangular faces [see Fig. 1(d)]. It is important to notice that
adjacent chains are shifted by b/2, where b is the repeat vector
of the uniform chain, so that two additional interchain Nb-S
bonds are created [see Fig. 1(c)] and, consequently, the Nb
atoms are really found in a bicapped trigonal prismatic coor-
dination. This leads to the formation of NbS; layers parallel
to the (ab) plane of the crystal structure [Fig. 1(c)]. How-
ever, whereas the NbS; chains in polymorph V are uniform
[i.e., there is only one Nb-Nb distance, Fig. 1(d)], those of
polymorph I are dimerized [Fig. 1(b)]. Shown in Fig. 1 are
the main structural parameters calculated for the two poly-
morphs. These structures are in excellent agreement with the
experimental information [11,33]. For instance, the Nb-Nb
repeat distance in polymorph V is found to be 3.340 A,
whereas in polymorph I the Nb-Nb distances are 3.020 and
3.749 A, showing a strong dimerization. The experimental
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FIG. 1. DFT optimized structures for two structurally related am-
bient pressure NbS; polymorphs, NbS;-I [(a) and (b)] and NbS;-V
[(c) and (d)]. The distances noted are those of the DFT optimized

structures. In (b) and (d) the long S-S distances have been drawn to
emphasize the trigonal prismatic coordination of the Nb atoms.
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values are 3.358 for polymorph V and 3.045 and 3.702 A for
polymorph I.

An important structural observation is that in both struc-
tures one of the three S-S distances of the sulfur triangles
is very short, 2.055 A in polymorph V and 2.031/2.036 A
in polymorph I (experimental values, 2.019 for polymorph
V and 2.050/2.050 A for polymorph I). Such a distance is
compatible with an S-S single bond so that in terms of electron
counting, the S-S bonded pair should be considered as S%’
and the isolated S atom as S?>~. The Nb atoms are thus for-
mally Nb**, i.e., Nb d'. The observation of a semiconducting
behavior for polymorph I, together with a doubling of the
periodicity along the chain direction where Nb-Nb short and
long distances alternate, may be considered as the outcome
of a Peierls transition due to the occurrence of a formally
half-filled band that opens a band gap at the Fermi level upon
dimerization.

Polymorph V is found to be 211.2 meV /NbS; less stable
than polymorph I, which is the most stable of all studied NbS3
polymorphs [10]. The calculated band structures for the two
polymorphs are shown in Fig. 2. The dimerized polymorph I
exhibits a band gap of 0.99 eV that is in excellent agreement
with experimental data (0.83—1.1 eV) [5,34], whereas a metal-
lic character is predicted for polymorph V. These results bring
to the fore an obvious question: Why should both polymorphs
be stable (they have both been observed at ambient tempera-
ture and pressure conditions)? Since they are related through a
simple Peierls dimerization and polymorph V is calculated to
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FIG. 2. Band structures for the NbS; polymorphs I (dimerized) (a) and V (nondimerized) (b) at ambient pressure where I' = (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 reciprocal-lattice vectors. Note the larger energy scale

in (a). (c) Fermi surface of polymorph V at ambient pressure.

be less stable than the dimerized one, only polymorph I should
be observed in these conditions.

To have some hint regarding this question, we must turn to
the band structure and Fermi surface (FS) of the nondimerized
polymorph. The key feature is that for the band structure of
polymorph V [Fig. 2(b)] there is an avoided crossing along
the X to N line just at the Fermi level. The avoided crossing
implicates strongly dispersive and flat bands (note that the
bands occur in pairs because there are two equivalent NbS3
units per unit cell). The strongly dispersive pair of bands
rising from X to N is mostly built from the Nb d,. orbitals.
If it were not for the avoided crossing, this pair of bands
would be half-filled and the simple Peierls-type dimerization
argument would apply. However, the avoided crossing at the
Fermi level slightly empties the Nb &, bands, which are no
longer half-filled. The flat pair of bands along X-N, which
has been slightly populated, is strongly dispersive along the
interchain a* direction (I'-X line) because it is based on the
Nb d,, orbitals (we use a local coordinate system centered
on the Nb atoms with the x and z directions along the a and
b crystallographic axes), which point towards the capping S
atoms of the adjacent NbS; chains (see Fig. 3). Consequently,
they strongly interact with the S p, orbitals, thus leading to the
strong dispersion along I'-X. Because of this hybridization,

FIG. 3. Nature of the band introducing interchain coupling into
the Fermi surface of the NbS; polymorph V (the crystal orbital shown
is that for the I point).

interchain interactions are introduced in the states around the
Fermi level. As clearly seen in the calculated FS of polymorph
V [Fig. 2(c)], although in large parts of the Fermi surface the
formally half-filled strongly nested Nb d,. pair of bands are
dominant (red and green components of the FS), the planes
near the border of the BZ along the a* direction contain
closed pockets (blue components of the FS) as a result of the
substantial interchain interactions.

We thus conclude that the classical Peierls-type description
of the mechanism of the dimerized structure of polymorph I
is not really correct. If some modulation destroying the flat
portions of the FS stabilizes the system, it must be incommen-
surate because of the electron transfer to the Nb d,, type band
and not a simple dimerization as observed experimentally. In
addition, because of the pockets around the X point, the sys-
tem will still be metallic after the transition. Recently, it has
been reported that some crystals of NbS; exhibit a structure
with an incommensurate periodicity along the chain direction
not far from doubling [35]. Although several possibilities can
be invoked to explain this observation, for the time being it
is tempting to propose that the above FS nesting mechanism
may be at the origin of this observation.

Because of the avoided crossing, as we approach the border
of the BZ along the a* direction (i.e., the intralayer inter-
chain direction) the standard Peierls-type picture is strongly
perturbed because of the interchain interactions occurring for
wave vectors in that part of the BZ. Thus, in order for the
commensurate dimerization to occur, there must be some ad-
ditional distortion that removes this interchain coupling from
the FS (essentially a breathing of the S-Nb-S capping angle
which will destabilize the Nb d,,-based antibonding band).
Only then does the classical picture of well-nested half-filled
Nb d. bands hold, and the dimerization may occur. It is
because of the unexpected injection of substantial interchain
interaction within the Nb d,> bands that polymorph V is stable.
However, polymorph I is more stable because of the additional
stabilizing metal-metal interactions.

At this point, it is useful to recall the metal-to-insulator
transition occurring in both NbO, and VO,, which are also
d' systems and where the tendency towards a dimerization
is partially hidden by interchain interactions occurring in
the metallic rutile-type structure. Detailed DFT calculations
for NbO, [36] have shown that an electron redistribution
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FIG. 4. (a) Evolution of the band gap of the semiconducting
NbS; dimerized polymorph under pressure. (b) Evolution of the rel-
ative stability of the dimerized and nondimerized structurally related
polymorphs as a function of pressure. The blue and red curves refer
to internal energy and enthalpy differences, respectively. Solid lines
correspond to the V' polymorph while dashed ones correspond to the
V polymorph.

emptying d orbitals different from those making o metal-
metal interactions occurs concomitantly with the structural
dimerization. In VO, the same type of charge redistribu-
tion (i.e., dimensionality change) occurs [37,38], but the
situation is more complex because of the importance of

electron-electron interactions, spin-charge decoupling, and
the competition between several transitions [39].

IV. EVOLUTION OF THE RELATIVE STABILITY OF THE
TWO POLYMORPHS UNDER PRESSURE

For reasons that will become clear later, from the time
being we will refer to polymorphs I and V for dimerized
and nondimerized, respectively. Shown in Fig. 4(a) is the
evolution of the calculated band gap of the semiconducting
dimerized polymorph as a function of pressure. As mentioned,
the calculated value at ambient pressure (0.99 eV) is in ex-
cellent agreement with the experimental value (0.83—1.1 eV)
[5,34]. The evolution of the band structure with pressure is
simply a rigid shift decreasing the gap [compare Figs. 2(a)
and 5(a)]. The gap decreases smoothly with pressure but
even at 15 GPa is only reduced to a value slightly smaller
than one-half (0.41 eV) the value at ambient pressure. Thus,
a progressive closing of this band gap does not provide a
convincing explanation for the metallization under pressure.
The band-gap underestimation of the PBE functional used in
previous studies [21] is probably at the origin of this unlikely
conclusion.

As shown in Fig. 4(b), the evolution of the relative stability
of the two polymorphs under pressure (blue curve) exhibits
a crossing between 10 and 12 GPa so that the nondimerized
polymorph becomes the stable one. In addition, the band
structure of this polymorph after the crossing is consistent
with a metallic behavior [Fig. 5(b)]. When the enthalpy dif-
ference (red curve) is considered to correctly evaluate the
pressure at which the phase transition should take place, the
crossing occurs sooner, between 3 and 4 GPa. Thus we believe
that the inversion of the relative stability of the two poly-
morphs is likely to be at the origin of the pressure-induced
metallization of NbSs.

We report in Tables I and II the evolution of the impor-
tant structural parameters (i.e., those outlined in Fig. 1) with
pressure. Although the relative variation of the volume from
ambient pressure to 15 GPa is similar, there is an impor-
tant difference between the behavior of the two polymorphs.
All structural parameters change smoothly in the case of the
dimerized polymorph (Table II), but there is a strong change
of the bonded S-S distance and the associated interchain S...S
contact between 1 and 2 GPa in the case of the nondimerized
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FIG. 5. Band structures for the dimerized (a) and nondimerized (b) polymorphs at 12 GPa where I' = (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 reciprocal-lattice vectors. (c) Calculated Fermi surface at 12 GPa.
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TABLE I. Evolution with pressure (0—15 GPa) of the important structural parameters of the nondimerized polymorph.

Pressure (GPa) 0 1 2 3 6 9 12 15

S-S (A) 2.055 2.061 2.291 2.295 2.301 2.307 2.309 2.310
S..S(A) 2.890 2.856 2.513 2.497 2.461 2.432 2.410 2.388
Nb-Scsp A) 2.634 2.621 2.606 2.600 2.585 2.571 2.558 2.544
Scap-Nb-Scyp (deg) 139.6 139.4 134.2 134.2 134.2 134.3 134.6 134.8
Nb-Nb (A) 3.340 3.323 3.323 3.316 3.291 3.271 3.249 3.230
V (A% 151.77 147.90 140.60 138.63 134.16 130.33 127.04 124.24

polymorph. There is also a noticeable change in the S-Nb-S
capping angle. After 2 GPa, the variations are smooth until
15 GPa. This structural change, mostly affecting the ...S-S...S-
S... chains formed by the outer sulfur atoms of the triangles,
has an important influence on the nature of the metallic state of
the nondimerized polymorph (Fig. 6). Whereas the band struc-
ture at 1 GPa is almost the same as that at ambient pressure
[compare Figs. 2(a) and 6(a)], that at 2 GPa exhibits important
differences [compare Figs. 2(b) and 6(b), respectively]. The
pair of flat bands occurring at the Fermi level at 1 GPa have
been shifted down and appear around —1.2 eV at 2 GPa.

The band structure of Fig. 6(b) is strongly reminiscent of
another NbS3 polymorph theoretically predicted in Ref. [10]
(polymorph V'), which also contains uniform Nb chains.
Looking at the structural details in Table I for pressures higher
than 2 GPa, it is clear that the short S-S distance and the
associated interchain S...S contact which are very different
at ambient pressure [~ 2.055 and ~2.890 A; see Fig. 1(b)]
become considerably more similar at pressures larger than
2 GPa (for instance, 2.295 and 2.497 A at 3 GPa and 2.310
and 2.388 A at 15 GPa). This coincides with the structural
characteristics of the previously predicted NbS; polymorph
V’, which is also nondimerized. Thus, a third polymorph (see
Fig. 7) comes into play, and we must consider in more detail
the region between ambient pressure and 3 GPa. Thus from
now on we will differentiate between the two nondimerized
polymorphs V and V'.

A careful study of this low-pressure region [see the inset in
Fig. 4(b)] of the phase diagram showed that polymorph V is
only stable for pressures below 1.9 GPa. After this pressure,
the structure of polymorph V collapses into that of polymorph
V’. In fact, this polymorph is slightly more stable than poly-
morph V even at ambient pressure (12.5 meV/f.u.). From
ambient pressure to 1.8 GPa the internal energy difference
between polymorphs V and V' practically does not change,
but polymorph V becomes less favored when enthalpy is
considered because of the smaller volume of polymorph V’.

Increasing the pressure above 1.9 GPa, polymorph V is not
found anymore and polymorph I is destabilized with respect
to polymorph V' such that the latter becomes the preferred
polymorph around 11 GPa on internal energy grounds, but
around 3 GPa when enthalpy is considered.

To summarize, according to our study the observed poly-
morph V is only stable for a narrow region around ambient
pressure, the semiconducting polymorph I is the more stable
polymorph up to 3 GPa, but then the as yet noncharacterized
polymorph V' becomes more stable up to pressures around
15 GPa. Because of the quite small energy difference between
the two nondimerized polymorphs, we cannot firmly conclude
which of the two, V or V/, is the lower-energy one at am-
bient pressure, and thus if the metallization process we are
describing implicates just two (I and V') or three (I, V, and
V’) different polymorphs, although for the present purpose it
is not relevant.

Summarizing the previous discussion, based on the fair
agreement between the calculated and experimental transi-
tion pressures, the strong structural relationship of the two
polymorphs, and the metallic character of polymorph V', we
believe that the proposed mechanism for the insulator-to-
metal pressure-induced transition of NbSs is a reasonable one
in contrast with the so far proposed progressive closing of the
band gap of polymorph I.

The calculated FSs for the new polymorph V' at 2 and
12 GPa are shown in Figs. 6(c) and 5(c), respectively. These
Fermi surfaces are very similar, as could be expected from the
smooth variation of the band structure under pressure [com-
pare the 12 and 2 GPa band structures in Figs. 5(b) and 6(b),
respectively]. Essentially the polymorph V' FS results from
the hybridization of a pair of warped 1D FSs perpendicular
to the b* direction (see the two strongly rising bands along
I'-Y based on the Nb d,. orbitals) and another pair of warped
1D FSs perpendicular to the a* direction (see the two strongly
rising bands along N-Y based on the Nb d,, orbitals with a
substantial contribution of the S p orbitals very similar to that

TABLE II. Evolution with pressure (0—15 GPa) of the important structural parameters of the dimerized polymorph.

Pressure (GPa) 0 3 6 9 12 15

S-S (A) 2.031/2.036 2.030/2.036 2.029/2.036 2.306/2.036 2.307/2.037 2.038/2.038
S..S(A) 2.937/2.934 2.860/2.859 2.806/2.799 2.756/2.748 2.716/2.704 2.681/2.664
Nb-Scp A) 2.661/2.629 2.622/2.592 2.593/2.563 2.567/2.510 2.545/2.519 2.526/2.500
Scap-Nb-S¢yp (deg) 137.9/141.6 137.5/141.0 137.2/140.5 136.8/140.0 136.6/139.7 136.2/139.2
Nb-Nb (A) 3.028/3.719 3.013/3.694 2.999/3.672 2.987/3.653 2.975/3.634 2.968/3.617
V(A% 306.28 289.59 278.43 269.76 262.39 255.93
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(c) r 0 1 N

Energy (eV)

FIG. 6. Band structure for the nondimerized polymorph at 1 GPa (a) and 2 GPa (b), where I' = (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 reciprocal-lattice vectors. (c) Calculated Fermi surface at 2 GPa.

shown in Fig. 3). The shape of these FSs may appear a bit
complex at first glance because of the occurrence of avoided
band crossings not far from the X point. As explained above
for polymorph V (Sec. I1I), it is around that zone of the BZ that
the strong hybridization between the intrachain and interchain
bands occurs. Since the intra- and interchain bands are 1D
along perpendicular directions, these bands introduce closed
FS components around X. However, the position of the two
bands subtly varies with pressure, thus influencing the shape
of the FS in that zone. At high pressure [Fig. 5(b)] one of the
two bands lies slightly above the Fermi level, but around the
pressure of the transition [Fig. 6(b)] this band slightly crosses
the Fermi level. Thus there is only one closed component
around X in the first case but two in the second. However,
when the contributions of all bands are represented together
as in Figs. 6(c) and 5(c), the description of the FS as resulting
from the interaction of two pairs of warped 1D FS components
becomes clear.

Thus, the metallic state stabilized after the transition is
predicted to be essentially a 2D metal with good conduc-
tivity in the ab plane but a considerably smaller one along
the interlayer direction. However, because of the occurrence
of substantial rather flat portions, it could exhibit resistivity
anomalies as a result of a nesting process along both the a*
and/or b* directions so that the existence of further incom-
mensurate metallic phases cannot be discarded. We remind

FIG. 7. Top (a) and side (b) views of the NbS;-V’ polymorph.
Note the occurrence of sulfur chains in the outer part of the layers
along the a-direction. In (b) the long S-S distances have been drawn
to emphasize the trigonal prismatic coordination of the Nb atoms.

the reader of the recent observation of NbS3 phases with an
incommensurate, although not far from double cell parameter
along the chains [35]. Although without a more in-depth study
it would be premature to ascribe this observation to the FS
instability of polymorph V discussed in Sec. III, it certainly
lends plausibility to the suggestion of the possible occurrence
of new NbS;3 metallic phases with incommensurate periodic-
ity. Note that the presence of closed portions in the FS around
the X point could lead to pressure-dependent magnetoresis-
tance oscillations. A rich physics of NbS3 under pressure is
probably still uncovered.

The difference between the metallic states of polymorphs
V and V' as well as the origin of the insulator-to-metal tran-
sition can now be easily understood. In polymorph-V the
bottom of the bands associated with the interchain interactions
[i.e., the strongly dispersive bands along I'-X in Figs. 2(b)
and 6(a)] occurs slightly below X so that they only introduce
a relatively small 2D component in the FS [see Fig. 2(c)].
However, in polymorph V' the bands bringing the interchain
interactions have a considerably larger slope, and their bottom
occurs (after an avoided crossing) around 1 eV lower. This
introduces a considerably larger contribution of the interchain
interactions so that their 1D nature clearly appears. As men-
tioned before, these bands bear important S p contributions
from the outer S atoms pointing towards each other (see
Fig. 3). When the phase changes from I' to X, the S-S in-
terchain interactions become bonding whereas the intrachain
ones keep their antibonding character. Since pressure shortens
the interchain contacts, the band is stabilized, it becomes
more populated, and it precipitates the equalization of the
S-S contacts because of the bonding/antibonding character
of the inter/intra S-S interactions. This is the origin of the
sulfur chains and the main reason for the stabilization of the
polymorph. In chemical terms, pressure favors the chemical
reduction of the S-S bonds in polymorph V, disfavoring this
polymorph and stabilizing the V' one. In contrast, polymorph I
has this band far from the Fermi level because of the formation
of the metal-metal bonds. Compression induces strong S,-S,
interchain repulsions in the valence band, thus disfavoring
this polymorph. Again, the pressure dependence of the NbS3
structure nicely illustrates the subtle trading between the S-S
bond reduction and the metal-metal bonding abilities of this
layered system [10].
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V. CONCLUDING REMARKS

The present first-principles study suggests that the reported
insulator-to-metal transition in NbS3 is not due to a progres-
sive closing of the initial band gap, as previously proposed,
but to the inversion of the relative stability of different,
dimerized, and nondimerized, polymorphic structures (NbSs
polymorphs I, V, and V’) under pressure. According to this
study, the recently observed polymorph V would only be
stable for a narrow region around ambient pressure and is
not the more stable polymorph with regular Nb-Nb chains.
The semiconducting polymorph I is the more stable poly-
morph up to ~3 GPa, but then the as yet noncharacterized
polymorph V' becomes more stable up to pressures around
15 GPa. The FS of polymorph V' exhibits nested portions
that are suggestive of the possible occurrence of further in-
commensurate NbS3 phases. The insulator-to-metal transition
is ascribed to the competition between the S-S bond re-
duction and metal-metal bonding capabilities of NbS3 under
pressure.
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