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Optical reflectivity and absorbance measurements of oriented Mo6S3I6 nanowire thin films and dispersions
in different solvents are presented extending from the far infrared to the ultraviolet. In spite of the highly
one-dimensional character of the nanowire material and narrow electronic valence and conduction subbands, as
predicted by the density-functional theory calculations, sharp Van Hove features in the optical absorption
spectra are not observed, partly because of the large density of interpenetrating electron subbands and partly
due to damping and disorder. The optically measured electrical conductivity extrapolated to zero frequency
�1��→0� and the calculated conductivity are significantly higher than the typical dc value from resistance
measurements, indicating that disorder limits electron transport, a feature characteristic of strongly one-
dimensional systems.
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I. INTRODUCTION

The optical properties of one-dimensional systems have
received significant attention recently because of the inherent
peculiarities in their electronic structure. Peaks in the density
of states �Van Hove singularities� may lead to observation of
sharp features in the optical spectra. A good example are
single-walled carbon nanotubes1,2 where peaks are observed
in the absorption spectra corresponding to transitions be-
tween peaks in the density of states in good agreement with
theoretical calculations. In the midinfrared, one-dimensional
metallic systems may be expected to show Luttinger liquid-
like power-law behavior of the optical conductivity.3

Molybdenum-based nanowires and nanotubes are ex-
amples of inorganic compounds for which strong one-
dimensional effects were reported.4–9 Among them, Mo6S3I6
is of particular relevance for research and applications.10,11

It synthesizes in bundles, 200–1000 nm in diameter, of
identical molecular chains �wires�.12 The atomic structure
of Mo6S3I6 is shown in Fig. 1.12,13 It is now confirmed
that the molecules build one-dimensional chains of Mo6 oc-
tahedra, each octahedron dressed with six anions and sepa-
rated from neighboring octahedron by three bridging anions.
In Fig. 1, the molecule with S atoms in the bridging planes
and I atoms dressing the Mo octahedra is shown. The ar-
rangement of individual molecular chains into bundles or
into a crystal is less understood. Whereas the early x-ray
diffraction data indicated a stacking in accordance with the
P63 space group,12 the most recent electron microscopy in-

vestigations suggest a much less symmetric P1̄ space
group.13 In any case, it is clear from these studies that
the attractive force, responsible for the bonding of indivi-
dual molecular chains into bundles or crystals, is of dis-
persive, van der Waals type and thus weak.12,13 These
weak intermolecular forces are also responsible for the
strongly one-dimensional electronic properties. Using a vari-
ety of solvents, the bundles can be dispersed into single mo-
lecular wires and as such have numerous possible applica-
tions in nanotechnology.14 Mechanical,15 tribological,16 and

electron transport measurements17,18 confirm the strong one-
dimensional �1D� character of these materials, suggesting
that the interactions between molecular nanowires in
Mo6S3I6 bundles is even smaller than between the individual
carbon nanotubes within bundles. dc electrical conductivity
have shown strong 1D character, but the values of �dc along
the nanowires are still lower than the optical conductivity
�1��→0� reported in this paper. This is thought to be a
result of disorder in combination with the strongly one-
dimensional character of the material. Evidence for the
Tomonaga-Luttinger liquid behavior was observed in the
temperature dependence of dc conductivity and current-
voltage characteristics of Li2Mo6Se6 nanowires,19 and simi-
lar behavior is expected in Mo6S3I6 based on their highly
one-dimensional nature.

The present study reports on the optical measurements on
freestanding films and oriented thin films on quartz sub-
strates and in solution with the aim of elucidating the elec-
tronic structure and properties of these interesting new nano-
materials. As an aid to better understanding of the optical
properties, we also performed the density-functional theory
�DFT� simulations of the structures and optical properties.

II. EXPERIMENTAL DETAILS

The Mo6S3I6 samples were synthesized in a single step
procedure as previously reported11 �supplied by the company
Mo6�. The material was washed in isopropanol �IPA� to re-
move the unreacted iodine and possible impurity phases such
as Mo6S6I2 which quickly sedimented out. The resulting dis-
persion is decanted and passed through a quantitative mem-
brane filter, which separates the bundles of Mo6S3I6 nano-
wires from the solvent. Thin films were obtained by removal
of the nanowires �NWs� from the membrane.

Oriented thin film samples were prepared on a quartz sub-
strate by rubbing the NW material on the surface between
two quartz plates. Scanning electron microscopy �SEM� and
atomic force microscopy �AFM� images of the resulting
films are shown in Figs. 2�a� and 2�b�, respectively. The
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surface roughness of the NW film appears on the order of
8 nm. The degree of orientation appears to be very high, with
nanowires running parallel to the rubbing direction, as con-
firmed in the optical spectra.

For the visible absorbance spectra in solution, 1 mg/ml
solution was used. Sonication was performed for 30 min in a
mild ultrasonic bath. When a majority of the sample had
sedimented out of the solution �after �1 h�, the absorbance
spectra were acquired. Subsequent sampling was also taken
at regular time intervals to monitor further sedimentation or
any other changes. The measurements were taken in a quartz
spectroscopic cell and the solvent spectrum was subtracted
each time. All the data presented were taken after one week
of sedimentation. For the midinfrared measurements in solu-
tion, a 1 mg/ml dispersion of the Mo6S3I6 material in
N ,N-dimethylformamide �DMF� was prepared. As this ma-
terial is known to consist of a number of distinct phases, a
solution based separation procedure was carried out.
Mo6S3I6 powder was dispersed in DMF by sonication and
was allowed to sediment for 70 h before being decanted. The
dispersion was then sonicated again and allowed to sediment
for 600 h before being decanted for a second time. The re-
maining dispersion was dried in a vacuum oven with the two
sediments and these three dried powders were weighted. Ini-
tially, 24.7 mg of washed Mo6S3I6 material was dispersed in
DMF. The masses of sediment 1, sediment 2, and the solute
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FIG. 1. �Color online� The atomic structure of Mo6S3I6 nano-
wires. �a� Side view of an individual Mo6S3I6 molecular chain with
S atoms in the bridging positions and �b� projection along the crys-
talline c axis. Early x-ray diffraction experiments indicated chain
ordering according to the hexagonal P63 space group �Ref. 12� �the
unit cell shown with solid lines�, whereas the most recent electron

microscopy experiments suggest the P1̄ space group �Ref. 13�
�dashed lines�. The essential difference between the two space
groups is the stacking, i.e., mutual displacements of individual mo-
lecular chains along the c axis.

FIG. 2. �Color online� �a� A SEM image of the oriented Mo6S3I6

film on quartz and �b� an AFM image of the oriented Mo6S3I6 film
on quartz. The image size is 10�10 �m2. The surface roughness is
approximately 8 nm, and the average film thickness is approxi-
mately 50 nm.
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recovered were 19.7 mg ��87% �, 1.5 mg ��7% �, and
1.4 mg ��6% �, respectively, with 2.1 mg unrecoverable.
The first sediment collect is known to consist of impurity
material, while the second sediment consists of large bundles
of nanowires. The dispersed phase consists of small bundles
of Mo6S3I6.20 Therefore, after 600 h 6% of the Mo6S3I6 was
still dispersed in DMF, at a concentration of approximately
0.06 g/ l. It is not clear whether this represents a solubility
limit or perhaps the fact that the fraction of dispersible ma-
terial in the washed powder was low. Nevertheless, it shows
that it is possible to produce stable dispersions of Mo6S3I6
with concentrations as high as 0.06 g/ l. This compares rea-
sonably well with achieved concentrations of 0.34 g/ l for
Mo6S4.5I4.5 in isopropanol21 or indeed of 0.02 g/ l for single-
walled nanotubes in 1-methyl-2-pyrolidinone.22

The IR absorbance spectra were acquired on Bomem 140
and 106 spectrometers, and an HP 8453 was used in the UV
and visible regions. The reflectivity measurements were per-
formed with a Bruker 113 Fourier transform infrared in air
and corrected for scattering by evaporation of a gold film.

III. DENSITY-FUNCTIONAL THEORY SIMULATIONS

For a better understanding of the optical and charge-
carrier transport properties, we also performed DFT simula-
tions using the WIEN2K code.23 The chain ordering according

to the R3̄c, R3̄, P1̄, and R3 space groups were simulated.

The space groups R3̄c, R3̄, and P1̄ describe almost iden-
tical intrachain ordering with three S atoms in the bridging
planes �denoted as 3S�; they differ from one another in the
chain stacking, i.e., in the mutual displacements of individual

molecular chains along the hexagonal c axis. In the P1̄ space
group, the six neighboring chains are shifted along the c axis

by ±c /6, ±c /3, and ±c /2; in the R3̄c and R3̄ space groups,
the displacements are ±c /3, so that there are only three dif-
ferent chain displacements, whereas in the P63 space group
�not simulated�, two chains have arbitrary displacements.
The essential difference between the R3 and the other three
space groups is the exchange of S and I atoms: in R3, the S
atoms are on the dressing positions and the I atoms in the
bridging planes �denoted as 3I�. All the simulated primitive
cells contain 2 f.u. �30 atoms�. First, the atomic coordinates
and the lattice constants were optimized; for simulation de-
tails, see Ref. 24. In this stage, the energy was calculated on
a tetrahedral mesh of 44 k points in the irreducible part of the
Brillouin zone. The energies were all within ±0.3 eV/f.u.,

the structure with the P1̄ space group having the highest
energy and the R3 structure having the lowest energy. In the
following, we will concentrate on the structures belonging to

the R3 and R3̄c spaceg roups. The band structure is sensitive
not only to the chain stoichiometry but also to the isomerism

and longitudinal strain.12,24 The R3 and R3̄c isomers, thus,
have different densities of states and Van Hove singularities,
which reflect also in different optical properties. This prop-
erty can be exploited for optical characterization of nano-
wires. However, typically, the accuracy of the calculation
presented here is comparable to the predicted differences in

the electronic properties, so we rely on the present calcula-
tion to give us the salient features of the optical spectra, and
not necessarily the detailed spectral features.

The dielectric response of nanowires implies excitations
of electrons across the Fermi energy, whereas the DFT is a
ground-state method. Often, the independent-particle ap-
proximation is used to investigate the charge-carrier excita-
tions. This random-phase approximation �RPA� usually
works well for three-dimensional metals, where the interac-
tion between the charges is strongly screened by the conduct-
ing electrons and therefore the charges can be regarded as
approximately independent. For semiconductors or insulators
and for low-dimensional systems, this is no longer true and
different approximations are becoming available which go
beyond the RPA and which include the electron-hole or qua-
siparticle correlations.25–27 In this paper, we still make use of
the RPA, which is the only available approach in the WIEN2K

code for the time being.28 Due to the neglection of the
electron-hole correlations and, in particular, of the bound ex-
citon states, the electron band gaps in semiconductors and
insulators are underestimated and this is reflected in the op-
tical spectra.

In the next sections, we will compare the experimental
optical properties with the calculated results. A mesh of 288
k points and an energy window EF±45 eV were used �EF is
the Fermi energy� in the simulations. The large energy win-
dow is needed to fulfill the sum rules and the Kramers-
Kronig relations which are used to obtain the optical proper-
ties from the dielectric functions. We assume that the
longitudinal and transverse intraband charge-carrier scatter-
ing, responsible for the low-frequency and static conductivi-
ties, are described by the damping �� =��=0.5 eV. With
such values, the charge carriers are localized along indi-
vidual molecular chains with the longitudinal charge-carrier
mean-free path of the order of 1–2 nm, close to the Ioffe-
Regel limit.

IV. OPTICAL REFLECTIVITY

The optical reflectivity of freestanding nonoriented thin
films was measured over a broad spectral range extending
from the far infrared to the visible and as a function of tem-
perature by employing a variety of spectrometers.3 All opti-
cal functions, such as the real part of the optical conductivity
�1, the refraction index n, the absorption coefficient k, and
the real and imaginary parts of the dielectric function �, were
then obtained by applying the Kramers-Kronig
transformations.29,30 Figure 3�a� displays the measured re-
flectivity at 300 K for two samples. Sample 1 was annealed
at 200 °C in vacuum, while sample 2 was not. The annealing
process clearly enhances the overall R���, leaving, however,
its shape and trend unchanged. We have collected data on
several spots of the sample surface. While slightly different
spectra were obtained from spot to spot, the main features
were always identified and Fig. 3�a� is representative of the
general trend of our data. The freestanding film was not to-
tally flat and the surface corrugation and waviness induced a
lot of scattering �particularly at low energies�. The reflectiv-
ity was then corrected by the measurement of the sample
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coated with a thin gold layer. This actually acts as the refer-
ence measurement, taking also into account the surface ir-
regularities. We did not find any temperature dependence in
the measured spectral range. While the data were collected
down to 30 cm−1, below 70 cm−1 they were no longer repro-
ducible. At such long wavelengths, the data are not anymore
reliable since the wavelength was comparable to the sample
thickness. The high frequency reflectivity was extrapolated
with a broad harmonic oscillator centered at 4�104 cm−1. At
low frequency, it is possible to extrapolate the reflectivity in
a metalliclike fashion by using a Hagen-Rubens �HR� ex-
trapolation with a �dc value of about 170 S/cm for sample 2
and 45 S/cm for sample 1.

Figure 3�b� shows the real part �1 of the optical conduc-
tivity of the two samples. The overall trend of the optical
conductivity is very much indicative of a semimetal. Besides
a few absorptions in the far infrared, which we ascribe to
phonon modes, there is the onset of a rather strong absorp-
tion around 2000 cm−1, merging in the peak at about
104 cm−1 �sample 1�, which could be ascribed to a kind of
pseudogap. It is, however, interesting to observe that a broad
metalliclike background �i.e., Drude weight� persists in the
optical conductivity. It is associated with the plasma-edge-
like feature, which can be recognized in the optical reflectiv-
ity �Fig. 3�a�� below 4000 cm−1. The HR extrapolation of

R��� suggests indeed the presence of a weak metallic com-
ponent in the optical spectra. We shall stress, nevertheless,
that the optical conductivity is very much independent of the
low-frequency extrapolation. This is because the reflectivity
has an overall “overdampedlike” behavior. Similar spectra
were also obtained for amorphous and quasicrystalline
materials,32 as well as for carbon nanotube films.1 Above
�2 eV, �1, extracted from the reflectivity data, is suppressed
because of the strong surface light scattering. Since the nano-
wire samples in the reflectivity experiments are not oriented,
we cannot perform polarization dependent optical investiga-
tions. For this reason, we must assume that our data suffer
from the projections of different directions. This also pre-
vents the search for possible characteristic power-law behav-
ior in �1���, which might be indicative for a Tomonaga-
Luttinger liquid state.3

The calculated reflectivity, also shown in Fig. 3�a�, is up
to �0.5 eV dominated by the semimetallic Drude conductiv-
ity and is relatively featureless. The fact that the calculated
R��� exceeds the experimental data is indicative that sample
1 is still strongly disordered. The calculated complex refrac-
tive index �n ,k� and �1, obtained via the Kramers-Kronig
transformation of Im��� together with the Drude peak and
averaged over all directions, are displayed in Fig. 4. It is
worth noting that the ellipsometrically measured value31 of
the refractive index n=2.95 at 1.53 eV agrees remarkably
well with the calculation. Nevertheless, above 2 eV, the
strong surface light scattering makes a direct comparison be-
tween experiment and theory rather difficult. In this respect,
absorbance measurements, to be reported and discussed be-
low, give an enhanced sensitivity.

V. ABSORBANCE IN ORIENTED FILMS

In Fig. 5, we present the experimental absorption spectra
for E �c and E�c polarizations, where c refers to the hex-
agonal crystallographic axis. We clearly observe distinct
spectra for the two polarizations. E�c polarization is much
smoother and shows no evidence of any of the features ap-
pearing in E �c polarization, indicating a high degree of
alignment.

The calculated spectra for two isomers of Mo6S3I6 �also
shown in Fig. 5� are, like the experimental ones, rather fea-
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tureless below �4 eV for the E�c polarization. Above
�4 eV, the optical transitions between the chains, which are
more structured, start to contribute. In the case of the E �c
spectra, we associate the 1.4 eV peak of the 3S isomer with
the S 3p→Mo 4d excitations and the 3.5 eV peak mainly to
Mo 4d→Mo 4d transitions with Mo atoms on different sites.
The main contributions to the peak at �2.6 eV of the 3I
isomer come from I 5p→Mo 4d and S 3p→Mo 4d excita-
tions. By comparing the calculated and experimental absorp-
tion spectra, we see that both show the same general trend of
increasing 	 with frequency and that the calculated spectra
are more structured than the experimental ones. The discrep-
ancy between the experiment and theory is ascribed to the
RPA, which neglects electron-hole correlations. It is known
from other systems, such as MoS2, that the S 3p→Mo 4d
charge transfer peak is around 1.8 eV.33 In Mo6S3I6 �Fig. 5�,
this transition appears clearly at 1.75 eV for E �c. This sug-
gests that the energy of the calculated 1.4 eV peak is under-
estimated by �25%.

VI. ABSORBANCE IN SOLUTION

To determine the possible solvatochromic effects of
Mo6S3I6 nanowires in solution, we compare data on solid
unoriented films with absorbance in different popular
solvents.34 The solutions which were prepared as discussed
above were stable over long periods of time. Aggregation
could be seen to cause a slight linear shift of the whole
spectra, but we could not detect a decrease of the peak am-

plitudes. Further sonification of the prepared solution for a
few hours also had no effect, indicating that the solution is
stable. The absorbance spectra for Mo6S3I6 in water, acetone,
isopropanol, and ethanol are shown in Fig. 6. For compari-
son, the spectrum for Mo6S4.5I4.5 is also shown. One feature
that stands out is the peak near 5.5 eV which is present
strongly in water and weakly at 5.7 eV in ethanol. Other
peaks do not appear to show any differences between differ-
ent solvents.

In the ultraviolet-visible region, there are no major differ-
ences between the sediments and solute described in Sec. II.
The optical transitions in this energy range are thus unaf-
fected by the interchain separations or stacking and are there-
fore associated with the intrachain electronic transitions. In
the near IR region ��0.6–0.8 eV�, this is no longer true. To
measure the near infrared spectra, each of the three recovered
powders, sediment 1, sediment 2, and the solute, was redis-
persed in IPA. For comparison purposes, the Mo6S3I6 soot
was also dispersed in IPA. The spectra are shown in greater
detail in Fig. 7. In the range from approximately
0.7 to 0.75 eV, noise is due to the subtraction of the IPA
peaks from the individual spectra, so no peaks are visible. In
sediment 2 and in the solute, a distinct peak is observed at
0.64 eV with a smaller shoulder at 0.66 eV. This demon-
strates the similarity between these two phases, which both
contain Mo6S3I6 nanowires, as observed in the transmission
and scanning electron microscopy images. Such a feature has
also been observed for Mo6S4.5I4.5 nanowires.34 The position
of this peak agrees reasonably well with predictions for the
Mo6S3I6 band gap,12 suggesting that it may represent a tran-
sition involving the Van Hove singularity associated with the
band edge. All these features are visible in the washed
Mo6S3I6 sample, which should be a combination of these
three phases, as was expected, although the peak at 0.64 eV
is quite weak due to the high intensity of the near infrared
peaks in sediment 1. At 0.64 eV in the sediment 1 spectrum,
all that is visible is the noise due to the IPA peaks present in
this region.

A comparison between the ethanol solution and the thin
solid film is shown in Fig. 8. We observe a redshift of the
peaks in solution by �−0.1–1.74, 2.7, 4.32, and 5.67 eV
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compared to the thin film. The redshift does not appear to
depend strongly on the degree of debundling, indicating that
it is most likely caused by the dielectric constant of the sol-
vent rather than any possible change in the spectrum due to
interwire interactions.

VII. DISCUSSION

The main issue of the paper is the experimental determi-
nation of optical properties of Mo6S3I6 nanowires, as ob-
served in the reflectivity and absorption measurements in
solid oriented films and in solutions. An unusual feature of
the optical spectra is that no sharp features are visible, in
spite of the strong one-dimensional character of the elec-
tronic bands and relatively sharp features in the density of
states.24 One reason is that there is a multitude of narrow
subbands which belong to Mo d derived orbitals and which
lie in the region ±2 eV from EF �note that transitions be-
tween single-ion d levels are parity forbidden�. The first ob-
served clear peak at 1.8 eV most likely involves transitions

between occupied S p states just below the Fermi energy and
unoccupied Mo d states on the same chain. Since all the
spectra presented here were taken at room temperature, the
transitions are also broadened by phonon-assisted processes.
Moreover, mechanical deformation caused by the processing
of thin films is also expected to cause broadening. The
Mo6S3I6 nanowires in bulk form are very malleable, which
means that individual bundles and strands are easily de-
formed. This is expected to result in symmetry-breaking ef-
fects as well as broadening of electronic transitions due to
structural deformations.

From the fact that the reflectance and whence optical con-
ductivity are strongly sample dependent, the dc limits of the
optical conductivity ��1��→0��45−170 S/cm� are much
higher than the measured dc transport values ��dc

�0.1 S/cm�, which is an indication that the dc transport is
limited by imperfections, such as broken chains or stoichio-
metric disorder. With the charge-carrier mean-free path 
m
=1 nm �i.e., unit cell size along the length�, the calculated
conductivity is on the order of �1��→0��800 S/cm �3S
isomer�, which is a factor of 5 larger than the measured value
from reflectivity. Such a value of 
m is already close to the
Ioffe-Regel limit. The discrepancy might be partially the
consequence of the random-phase approximation in the op-
tical calculations and partially due to abovementioned disor-
der and mechanical imperfections of the material, which lead
to electron localization and reduced dc conductivity. It may
be argued that thermal fluctuations in the strongly one-
dimensional material may be the cause of the relatively low
observed conductivity. Of course, such thermally induced
fluctuations would also be present in Li2Mo6Se6 nanowires.
However, in this system, rather convincing evidence for the
Tomonaga-Luttinger liquid behavior and ballistic conduc-
tance has been observed,8 which would not have been ob-
served if thermal fluctuations limited the conductivity. Thus,
it appears that in Mo6S9−xIx, built-in disorder limits the elec-
tron transport.

An important related issue from the material preparation
point of view pertains to the determination of S and I site
occupancy on the Mo6S3I6 skeletal backbone. Determination
of site occupancy on the “bridging” and “dressing” positions
is crucially important for improved material preparation and
achievement of higher conductivity and other functional
properties which depend on stoichiometry and isomerism.
Optical spectra on oriented samples have been shown to be
sensitive to intrachain structure, to distinguish between dif-
ferent isomers, much better than x-ray scattering, extended
x-ray-absorption fine structure, or pair distribution function
techniques, which can give very accurate atomic positions
but not so much atomic occupancies. However, further work
beyond RPA is needed to improve the accuracy of the calcu-
lated optoelectronic properties. The DFT simulations of

Mo6S3I6 ordered in four different space groups �P1̄, R3̄c, R3̄,
and R3� give very similar binding energies in all these cases.
The final structure may, therefore, depend on the process of
synthesis. Nevertheless, we can expect a certain degree of
disorder in the occupation of anion sites �substitutional dis-
order� and, in particular, in the chain displacements along the
c axis. The latter disorder may be the reason for the low

FIG. 7. The absorption spectra in the near infrared region of
different Mo6S3I6 sediments redispersed in IPA �solid lines�. Pure
IPA is shown for comparison �dotted line�.

FIG. 8. �Color online� The absorption spectra of Mo6S3I6 nano-
wires in ethanol and measured on a thin film.
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symmetry space group reported in Ref. 13 also.
The calculated bulk dispersion of the electron bands is of

the order of 0.5 eV in the longitudinal direction and 0.1 eV
in the transverse plane. Small dispersion in the transverse
plane is responsible—together with imperfections in the
crystal structure—for the charge-carrier localization and con-
sequently hopping transport in this plane and for the quasi-
one-dimensional conductivity along the chain axis.

We conclude by noting that the low-frequency semimetal-
lic conductivity in combination with very anisotropic disper-
sion characteristics in different polymers is expected to be

very promising for microwave shielding applications. Im-
proving synthesis to reduce disorder is expected to signifi-
cantly increase the dc conductivity.
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