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Structural and electronic properties as well as the stability of MoS, nanotubes are studied using the
density-functional-based tight-binding method. It is found that MoS, zigzag (n,0) nanotubes exhibit a
narrow direct band gap and MoS, armchair (r, n) possess a nonzero moderate direct gap. Interestingly,
the (n, n) tubes show a small indirect gap similar to the direct gap of (7, 0) nanotubes. Simulated electron
diffraction patterns confirm the existence of armchair and zigzag disulphide nanotubes. The structure
of the MoS, nanotube tips is explained by introducing topological defects which produce positive and

negative curvature.

PACS numbers. 71.20.Tx, 61.48.+c

The discoveries of fullerenes and carbon nanotubes[1,2]
as new forms of matter in the nanoscal e range have opened
a challenging new field in solid state physics, chemistry,
and material s science with awide spectra of possible appli-
cations. Boron nitride (BN) nanotubes and nanoparticles
have also been synthesized and their properties are still
under investigation [3]. Moreover, Tenne et al. have suc-
cessfully produced inorganic fullerenelike and tubular
structures from more complex layered compounds such as
tungsten disulphide (WS;) and molybdenum disulphide
(M0S,) [4,5]. It has been shown that polyhedral particles
of MoS, and WS, behave as exceptional lubricants [6].
Recently, it was found that WS, nanotube tips improve
image quality in scanning probe microscopy [7]. Never-
theless, electronic and mechanical properties of metal
disulphide nanotubes have not yet been reported hitherto.
In this Letter we address, for the first time, the problem of
the stability and electronic properties of zigzag and arm-
chair MoS, nanotubes using the density-functional-based
tight-binding (DFTB) method [8]. Our results demonstrate
that the strain energy of all the nanotubes (both zigzag
and armchair) behaves similarly to carbon nanotubes [9].
We predict that al MoS, nanotubes observed (>20 A
outside diameter) should be semiconductors with a band
gap smaller than bulk MoS,, which size depends upon
diameter and chirality. Our simulated diffraction patterns
of disulphide nanotubes coincide with those reported
experimentally, thus confirming the existence of armchair
and zigzag tubules. Furthermore, we propose topological
defects which explain the structure of MoS, nanotube tips
and the closure of polyhedral particles.

The most stable form of layered MoS;, aswell as WS;,
consists of ametal layer sandwiched between two sul phur
layers (space group P63/mmc). These triple layers are
stacked together, similarily to graphite, by van der Waals
interactions separated 6.15 A for MoS, and 6.18 A for
WS,. Therefore, tubular structures can be analogously
constructed by conformal mapping of a 2D triple layer
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of MoS, onto the surface of a cylinder, thus rolling up
the sheets along specific directions in the 2D lattice (see
Fig. 1). As for the carbon nanotubes [2] this may be de-
scribed in terms of the primitive 2D |attice vectors aandb
and two integer indices [10]: B = na + mb. In this way
three classes of nanotubes can be distinguished: n = m
“armchair” nanotubes, n # 0,m = 0 “zigzag” nanotubes,
andn # m “chira nanotubes.” Therefore, these nanotubes
are composed of atriple layer of atoms with a finite “wall

FIG. 1. Armchair (8,8) MoS, nanotube (left) and zigzag (14,0)
MoS, nanotube (right). Light atoms are S; dark atoms are Mo.
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thickness’ exhibiting certain “roughness’ on the outer shell
(see Fig. 1).

Our calculations[8] were performed for (n, n) and (n, 0)
MoS;, nanotubes as a function of n with diameter (D)
ranging between 8 and 26 A, which correspond to indices
(n,0)-(n, n) from (10, 0)-(6, 6) to (22,0)-(14, 14), respec-
tively. The largest diameters are in agreement with the
smallest experimentally observed tubes [4,5]. The opti-
mized bond lengths for the tubes are dlightly larger than
those of the planar sheet. The Mo-S bond length within
the inner shell is increased only by approximately 0.01 A
and the Mo-S bond length on the outer shell increases by
0.04 A. The Mo-Mo distance is greater than that of the
flat sheet by nearly 0.25 A. The calculated strain ener-
gies follow roughly a 1/D? behavior as in carbon nano-
tubes [9] —see Fig. 2a. However, the strain energy for the

1

08F 100 +n-0 tubes
vn-n tubes2
%) 6-6 v I Estrain =a/D
=06}
Sy
4]
c
)
£ 04¢
g
1)
0.2t
O 1 1 1
0 10 20 30 40 50
Tube diameter — D
3 — :
+n-0 tubes direct gap
An-n tubes direct gap
vn-n tubes indirect gap
bulk — direct gap
22T bulk — indirect gap
;‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
2
)
c
)
o
St
O 1 1
5 10 .15 20 25
Tube diameter - D
FIG. 2. (@) Calculated strain energies of MoS, nanotubes (en-

ergy per atom relative to the infinite single MoS; triple layer)
as afunction of tube diameter in A. (b) Calculated gap energies
of MoS, nanotubes as a function of tube diameter in A.

smallest M0S; tubesisat least 1 order of magnitude larger
than that of carbon nanotubes (NTs) with similar diameter.
This result is not surprising, since the rolling of a triple
layer into a narrow tube causes much more energy penalty
than rolling a monolayer. But at about 20 A tube diame-
ter, the strain energy is now lowered to reasonable values,
as known for carbon nanotubes [9], which fit to the ex-
perimental observation for the narrower MoS, nanotubes.
The strain energiesfor armchair (n, n) MoS, nanotubes are
dlightly more favorable than for zigzag (n, 0) a a given di-
ameter (see Fig. 2a).

The charge transfer from molybdenum (Q = +0.9) to
sulphur (Q = —0.44 each S) within the tubes is nearly
the same as in the MoS; triple layer, and there is only a
minor difference between outer and inner sulphurs. The
main features of the calculated density-of-states (DOS)
curves (not shown here) are quite similar for al tubes and
also similar to that of the planar triple layer. The DOS is
characterized by a well separated peak corresponding to a
sulphur s band of about 2 eV width and 14 €V below the
valence band edge. This is followed, at higher energy, by
the valence bands with a width of about 7 eV, formed by
hybridized Mo d and sulphur p states. The corresponding
antibonding states characterize the conduction band. The
Mo d states especially dominate the upper valence band
edge as well as the lower conduction band edge. These
features are in agreement with results from band structure
calculations for bulk MoS, [11-13].

Figure 3ashowsthe band structure around the Fermi en-
ergy of asingle-sandwich MoS, characterizing this layer,
as well as the bulk material, as a semiconductor. The
single-sandwich (triple layer) hasan indirect gap (I' — K)
and a direct gap at the K point. The calculated band
structure agrees also qualitatively well with calculations
reported by other groups [12,14] —see Fig. 3a.

The band structure of the MoS, NTs can be derived
formally from the layer band structure [10]. The band
structure of the (n, 0) MoS, NTsresemble that of the corre-
sponding carbon NTs; however, in contrast to carbon NTs,
the gap size increases with increasing tube diameter, but
still being smaller than the gap for asingle triple layer and
the bulk material in the size region considered here (see
Figs. 2b and 3). Similar behavior has been reported theo-
retically for GaSe nanotubes [15]. However, our resultsare
fully consistent with experimental observations of the op-
tical-absorption spectra of MoS, nanotubes and inorganic
fullerenelike structures [14].

The gap size of zigzag nanotubes is intimately related to
that at the K point in the MoS, layer. Since MoS, layers
exhibit a finite gap at the K point (see Fig. 3d), zigzag
NTs are not expected to have a vanishing gap at certain n.
In fact, we have not found (37, 0) “irregularities’ in gap
size, as they were proposed for carbon. i.e., none of the
“zigzag” MoS, NTswill be metallic. Furthermore, while
the (n,n) carbon NTs are al metalic, the (n,n) M0S,
NTs behave differently: they al have a nonzero direct gap
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FIG. 3. (a) Caculated band structure near the Fermi energy
(Er) for a M0S; single-sandwich (“triple layer”). The energy
is given relative to Er. Band energies at several K points,
indicated by +, from band structure calculations by Kobayashi
and Yamauchi [12] are given for comparison. (b) Calculated
band structure for a MoS, (22,0) nanotube. (c) Calculated band
structure for a MoS; (14,14) nanotube.

and indirect gaps down to the smallest tubes (see Fig. 3c),
which increase smoothly with increasing diameter. The
size of the indirect gaps for the (1, n) tubesis close to that
of the direct gaps of the (n, 0) tubes with similar diameter
(see Fig. 2b).

Electron diffraction is a very useful technique for char-
acterizing structural features caused by different chiral
arrangements in NTs. We have calculated diffraction
patterns for MoS, and WS, NTs showing that there are
planes which can be identified with the 110 (1.58 A for
MoS, and 1.577 A for WS,) and the 100 (2.737 A for
MoS, and 2.731 A for WS,) of crystalline MoS, and WS,
obtained when the beam is perpendicular to the sheets (see
Fig. 4). In the same patterns, due to the curvature of the
cylinders and thickness, there are characteristic reflections
which are in agreement with plane distances observed in
MoS; (and WS,) crystals when the flat layers are parallel
to the electron beam. The 002 reflections are not present
because we are only considering cylinders with one single
(triple) layer of M0S,, not multiwalled. In other words,
since the MoS, NTs are closed curved sheets with certain
thickness, their diffraction exhibits the superposition of
reflections associated with different orientations of the
infinite flat crystal. The finite dimensions of the tubes in
the direction perpendicular to the tube axis (tube diameter)
and the periodic order along the axis (direction of growth)
produce diffraction spots elongated perpendicularly to
the axis. Tenne et al. have shown experimenta electron
diffraction of MoS, and WS, NTs which corresponds to
our armchair and zigzag simulated patterns [4,16], proving
the existence of these types of NTs. Although we have
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FIG. 4. Simulated electron diffraction patterns showing similar
distance planes for (@) flat triple MoS, layer. (b) Armchair
(14,14) MoS, nanotube. (c) Zigzag (22,0) MoS, nanotube (the
arrows show the direction of the tube axis).

not considered chiral NTs, electron diffraction evidence
suggests that these also exist [16].

In order to explain the observed MoS, NTstips[4] and
the structure of the MoS, and WS, polyhedral particles
[17], we have introduced topological defects which can
preserve the stoichiometry of the system and can produce
positive and negative Gaussian curvatures. One possibility
is to close zigzag nanotubes with three squarelike defects
(SQDs) as shown in Figs. 5aand 5¢c. Armchair nanotubes
can be closed using four SQDs and one octagonal-like de-
fect (OLD) (see Figs. 5b and 5d). The OLD introduces
negative curvature into the system which is balanced by the
addition of one SQD (positive curvature) satisfying Euler’s
law analogoudly as in graphite. Similar closed BN struc-
tures, first proposed by Terrones et al. [3], have also been
theoretically confirmed [18]. Regarding the presence of
OLD defects, it is worth mentioning that negative curva-
ture in disulphide structures has been reported by Tenne's
group [5].

In summary, MoS, NTs are stable with strain energies
decreasing as the diameter grows; in this respect they are
similar to carbon nanotubes. However, electronically they
behave differently since MoS, NTs are not metallic, be-
ing al semiconducting. We observe two types of narrow
band gap NTs: the (r,n) tubes exhibiting a small indi-
rect and a moderate direct gap, and the (», 0) possessing a
small direct gap: this suggests that zigzag NTs can be used
for optoelectronics, i.e., luminescing devices, which is not
possible with carbon NTs. Because of the structural simi-
larities between MoS, and WS, layers, we expect similar
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FIG. 5. MoS, nanotube tips (a) zigzag (12,0) tube closed
with three sguarelike defects. (b) Armchair (8,8) tube closed
with four squarelike defects and one octagonal-like defect.
(c) Squarelike defect. (d) Octagonal-like defect.

electronic and mechanical behavior. We have considered
the most stable phase of M0S;; however, metastable phases
such as the octahedral reported by Yang et al. [19] (also
layered) might have different electronic behavior shifting
the Fermi energy into a Mo d band possibly leading to
metallic NTs. Another possible way to shift Ex could be
the replacement of Mo by Nb.

The defects that we have used to close the NTs might
shed some light in explaining the different topologies ob-
served as well as the electronic and mechanical properties
of the MoS, NTs tips and inorganic fullerenes.

Graphite, boron nitride, MoS,, and WS, are the first
examples of layered materias that can generate curved
structures such as fullerenes, polyhedral particles, and
nanotubes. Therefore, further theoretical and experi-
mental investigations on layered compounds promise a
fertile ground for fascinating curved nanomaterials with
remarkable properties.
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