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Electronic properties and optical spectra of MoS, and WS, nanotubes
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Symmetry based calculations of the polarized optical absorption in single-wall MoS, and WS, nanotubes are
presented. Optical conductivity tensor for the individual tubes, using line group symmetry and density-
functional tight binding implemented in POLSYM code, is numerically evaluated and its dependence on the
diameter and chiral angle of the nanotubes is investigated. This minimal, full symmetry implementing algo-
rithm enabled calculations of the optical response functions very efficiently and addressed the large diameter
tubes and highly chiral tubes as well. It is predicted that, due to the symmetry transformation properties of the
relevant electronic states, fluorescence is not expected in the metal dichalcogenide tubes. In accordance with
the measurements, the calculations show redshift of the absorption peaks as the tube diameter increases. Also,
it is found that curvature strain induces strong chiral angle dependence of the absorption spectra.
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The first report on synthesis of transition metal dichalco-
genide nanotubes by Tenne et al.' triggered extensive re-
search of the inorganic nanostructures which proved to
have potential of becoming a key nanotechnological ma-
terial due to the outstanding physical properties.>? Optical
absorption*> and Raman spectra measurements>° of the MS,
(M=Mo, W) nanostructures were reported in the late 1990s.
Shortly after, the electronic band calculations were carried
out by the density-functional tight-binding (DFTB)
method.”® Experimental and theoretical studies on single
MS, nanotubes, phonon dispersion calculations,’ and reso-
nance Raman scattering'®!! have been reported quite re-
cently. The optical response functions, however, have not
been evaluated thus far.

In this Brief Report, we present symmetry based calcula-
tions of the polarized optical absorption of MS, nanotubes.
We evaluate numerically the optical conductivity tensor for
the individual tubes using line group symmetry implemented
in the POLSYM code!> and DFTB based wave functions.'?
This minimal, full symmetry implemented algorithm enables
us to evaluate optical response functions very efficiently and
to consider the highly chiral tubes (which have a huge num-
ber of atoms within a unit cell) as well. Namely, instead of
the unit cell, the symcell'* (i.e., the minimal set of atoms
from which, by applying all symmetry transformations, the
whole tube can be generated) is used. As the symcell of a
single-wall MS, nanotube (NT) contains three atoms'” (irre-
spective of the chirality of the tube) while the number of
atoms within the unit cell may be extremely large, tremen-
dous computation-time savings are achieved enabling us to
perform calculations on the large set of MS, tubes of differ-
ent types: from the narrow nanotubes to the (a)chiral micro-
tubes.

Single-wall MS, tube can be imagined as a single MS,
layer with trigonal prismatic coordination'® rolled up into a
cylinder: sulfur shells are symmetrically arranged with re-
spect to the metal one. The chiral vector (n;,n,) is defined
within the metal plane. Symmetry groups of the chiral
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(ny,n,), ny,>ny, zigzag (n,0), and armchair (n,n) nanotubes
are described by the line groups'® (parameters of which are
fully determined by chiral indices).

Unlike the case of carbon nanotubes, zigzag and armchair
tubes of MS, kind differ in symmetry: mirror planes are
vertical (containing the tube axis) in the former and horizon-
tal (perpendicular onto the tube axis) in the latter. Therefore,
in addition to linear and angular quasimomenta quantum
numbers (k and m), there are parities related to the vertical
and horizontal mirror planes.

However, the described rolled-up layer configuration is
not the equilibrium one, as the curvature induces an addi-
tional tension with respect to the layer. Therefore, in order to
find the stable configurations, symmetry preserving optimi-
zation of the structure within the DFTB approach was per-
formed. As, according to the topological theorem of Abud
and Sartori,!” the extremes of the invariant functions are on
the manifolds with maximal symmetry, apart from the trans-
lational unit, only the coordinates of the symcell atoms are
varied.

The relaxation procedure showed that the stable configu-
ration of the tubes with diameters between 6 and 20 nm can
be obtained by rolling up a somewhat stretched MS, layer
(lattice constant change within the S and M atomic planes is
0.25 A, while the stretching of the inner and outer M—S
bonds are 0.01 and 0.04 A, respectively). For the thick tubes
(D>20 nm), the relaxation effects were negligible, while for
the narrow tubes (D <6 nm), full relaxation had to be per-
formed.

Electronic band calculations are performed within the
DFTB approach. From each atom, only the valence shell
orbitals are considered. In particular, for sulfur, one 3s and
three 3p, while for molybdenum and tungsten, the outer s, p,
and d atomic orbitals are used. The structures were opti-
mized, i.e., within the DFTB approach, all chirality depen-
dent distortions of the nanotube structures are taken into ac-
count.

Electron band structure calculations of large systems with
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FIG. 1. Electronic bands in the Fermi level region of the (17,17)
MS, NTs. The gap sizes are shown in the insets.

high symmetry are most efficiently carried out with the help
of modified Wigner projectors.'* Namely, this formalism re-
quires only the orbit representative atoms, the symcell atoms,
to be taken into account, which, in highly symmetric sys-
tems, tremendously reduces the order of the secular equation.
In particular, whatever the chirality of the considered MS,
NT is, only the space spanned by the relevant orbitals from
the three atoms is sufficient for calculation.

The energy bands obtained are labeled by a complete set
of quantum numbers: k (quasimomentum) taking on values
from the interval (—m/a,m/a] and m (z component of the
angular momentum) taking on integer values from the inter-
val (—q/2,q/2], where g is determined by n; and n, (details
are given in Ref. 15). In the cases of the zigzag and armchair
tubes, there are additional parities related to the vertical and
horizontal mirror planes (even/odd denoted by A/B and *),
respectively, leading to the reductions of the quantum num-
bers’ domains (me[0,g/2] for the armchair and &k
€ [0, 7/ a] for the zigzag tubes) reflecting itself in the double
band degeneracies in the interior of the domains unlike the
nondegenerated chiral tubes’ bands. This is illustrated in
Figs. 1 and 2, where the band structure around the Fermi
energy of (17,17) and (30,0) MS, tubes is given. The diam-
eter of the tubes is ~3 nm while their unit lengths differ
considerably. The size of the band gaps of these tubes does
not differ much, but the band gaps are of different types:
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FIG. 2. Electronic bands in the Fermi level region of the (30,0)
MS, NTs. The gap sizes are shown in the insets.

PHYSICAL REVIEW B 76, 233414 (2007)

1.30
A A A4 A a4 as
R VNN S NN NNV NN
A
— 1254 4
> AAA 4 direct gaps of (n,n) NTs at ka=0
L, b A A direct gaps of (n,n) NTs at ka=27/3
3 1.20 N 4 direct gaps of (n,0) NTs at k=0
o T A v indirect gaps of (n,n) NTs
Q A
= i
[ A
AVAY AV & U A VAV
S oasd 4w w ¥ ETY
O
1 A
1.10q ¢
v

——TT—T— 7T 77
3 6 9 12 15

Tube diameter [nm]

FIG. 3. Calculated gap energies E of the achiral MoS, NTs as a
function of the tube diameter D.

(30,0) NTs have a direct gap at ka=0, while (17,17) NTs
have an indirect gap (maximum of the highest valence band
is at ka=0 and minimum of the lowest conducting band is at
ka=2m/3).

The band gaps for the achiral MoS, and WS, NTs with
diameters from 2 to 17 nm are systematically investigated
and the results are presented in Figs. 3 and 4. Both molyb-
denum and tungsten disulfide armchair NTs have a small
indirect gap (0 — 27/3), which is similar to the direct gap (at
ka=0) of the corresponding zigzag NTs. Besides the indirect
gap (which is small in the case of the MoS, and moderate in
the case of the WS, NTs), the armchair MS, NTs exhibit
moderate direct gaps at ka=0 and at ka=2m/3. The size of
the latter is almost independent of the diameter: ~1.27 eV
(MoS, NTs) and ~1.5 eV (WS, NTs), slightly exceeding the
indirect gap values of the corresponding 2H bulk materials.

On the other hand, the value of the direct gap at ka=0
increases with the diameter and exceeds the direct gap at
ka=2/3 if the diameter of the MoS, (WS,) NT becomes
larger than 7.5 nm (2.5 nm). The gap structure of the molyb-
denum and tungsten disulfide achiral tubes is quite similar.
Roughly, the D dependence of the gap sizes of the WS, NTs
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FIG. 4. Calculated gap energies E of the achiral WS, NTs as a
function of the tube diameter D.
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FIG. 5. Curvature induced strain energy of WS, NTs as a func-
tion of the tube diameter.

can be obtained by simply, upshifting the corresponding
MoS, gaps for ~250 meV.

Optical transitions between the bands which form the di-
rect band gaps in the M'S, armchair tubes are allowed as they
have the same quasiangular momentum m quantum numbers:
m=0 and m=n for the bands forming direct gaps at ka=0
and ka=2/3, Fig. 1. However, the direct gap in the zigzag
tubes cannot be seen in the optical absorption spectra as the
corresponding bands are characterized by different quantum
numbers m. For instance, in the case of (30,0) MS, NTs (at
ka=0), the uppermost valence band has zero quasiangular
momentum quantum number, while the lowest conducting
band is characterized by m=20 (Fig. 2). Thus, in contrast to
carbon nanotubes,'® the structured band gap photolumines-
cence (fluorescence) is not expected here.

In Fig. 5, the calculated diameter dependencies of the cur-
vature strain energies of WS, NTs, i.e., the differences of the
total energies (per atom) between the tube and the layer, are
shown. It roughly follows a 1/D? behavior as in molybde-
num disulfide’ and carbon'® NTs. The armchair WS, NTs are
found to be more stable than the zigzag ones, while the other
chiralities interpolate well the two boundaries. Unlike the
unrelaxed configuration which assumes the bond lengths and
bond angles to be unchanged, the optimized MS, NTs exhibit
chirality dependence of the optical absorption spectra, Fig. 6.

The optical response of the MS, NTs is obtained by
means of first-order time dependent perturbation theory. The
real part of the polarized optical conductivity is evaluated
within the dipole approximation and the optical transition
matrix elements are calculated out of the completely symme-
try adapted Bloch eigenfunctions.?! Details of the method
can be found in Ref. 20. The only difference is that in this
Brief Report, we deal with a three orbit system and larger
number of the valence shell orbitals.

The so-called antenna effect, which has been predicted
and confirmed for carbon nanotubes,?? is manifested also in
the single-wall MS, NTs. The calculated optical spectra
show highly anisotropic absorption. Optical response is
present only for polarization parallel to the tube axis. Be-
sides, the ratio of the perpendicular and parallel polarizabil-
ity tensor components estimated from the resonant Raman
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FIG. 6. Optical conductivity of the (35,35), (52,13), and (60,0)
MoS, NTs. Open symbols show calculated spectra of the corre-
sponding unrelaxed (i.e., simply rolled up from a single MoS, layer
along the chiral vector) nanotubes.

scattering measurements'' on individual WS, NTs is not
larger than 0.16. Hence, as the depolarization effect strongly
suppresses light polarized perpendicular to the nanotube
axis, we consider only the absorption of the parallely polar-
ized light.

In Fig. 6, typical optical conductivity spectra (in the vis-
ible region) of the MoS, NTs with the same diameters (D
~6.1 nm) but different chiralities are given. In order to es-
timate the effect of the curvature strain, the spectra of the
corresponding unrelaxed tubes (i.e., simply rolled up from a
single layer) are also shown. The latter exhibits no chiral
sensitivity whatsoever, unlike the spectra of the optimized
tubular structures. Namely, the curvature strain induces
chirality dependence of the absorption spectra and shifts the
absorption peaks toward higher energies. Such a property
can be exploited in various sensoric applications. The same
holds for WS, tubes; only their absorption peaks are some-
what blueshifted relative to the MoS, NTs’ spectra, as shown
in Fig. 7. Finally, as can be seen by comparing Figs. 6 and 7,
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FIG. 7. Optical conductivity of the (16,16) MoS, and WS,
NTs.

233414-3



BRIEF REPORTS

there is a redshift of the absorption peaks as the tube diam-
eter increases, in accordance with the previous experimental
measurements.*~¢

In conclusion, using a very efficient methodology, electro-
optical properties of a quite large sample of single-wall MS,
NTs (including the highly chiral ones) have been calculated.
Diameter and chirality dependences of the electronic band
gaps and optical spectra features are investigated and MS,
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NTs are found to possess interesting and unique optical char-
acteristics, assuring predictable and well-controllable optical
properties of the future, MS, NT-based nano-optoelectronic
devices.
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