Properties of vortex lattices are of broad
interest in superfluids, superconductors, and
even astrophysics. Fluctuations in the rotation
rate of pulsars are attributed to the dynamics of
the vortex lattice in a superfluid neutron liquid
(5, 31). Our experiments show that vortex for-
mation and self-assembly into a regular lattice
is a robust feature of rotating BECs. Gaseous
condensates may serve as a model system to
study the dynamics of vortex matter, in analogy
to work in type-Il superconductors (32). Of
particular interest are collective modes of the
lattice. In liquid helium, transverse oscillations
in a vortex lattice (Tkachenko oscillations)
have already been investigated (33, 34). Further
studies may address the nucleation, ordering,
and decay of lattices, in particular to delineate
the role of the thermal component (5), and
possible phase transition associated with melt-
ing and crystallization.
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Self-Assembly of
Subnanometer-Diameter
Single-Wall MoS, Nanotubes

Maja Remskar,'* Ales Mrzel,! Zora Skraba,’ Adolf Jesih,’
Miran Ceh,’ Jure Demsar,? Pierre Stadelmann,? Francis Lévy,?
Dragan Mihailovic’

We report on the synthesis, structure, and self-assembly of single-wall sub-
nanometer-diameter molybdenum disulfide tubes. The nanotubes are up to
hundreds of micrometers long and display diverse self-assembly properties on
different length scales, ranging from twisted bundles to regularly shaped “furry”
forms. The bundles, which contain interstitial iodine, can be readily disassem-
bled into individual molybdenum disulfide nanotubes. The synthesis was per-
formed using a novel type of catalyzed transport reaction including C, as a

growth promoter.

The discovery of free-standing microscopic
one-dimensional molecular structures, such as
nanotubes of carbon, has attracted a great deal
of attention in the last decade because of vari-
ous interesting properties associated with their
small dimensions, high anisotropy, and intrigu-
ing tube-like structures. These range from a
variety of quantum effects (/, 2) to potentially
useful properties such as efficient field emission
(3) and exceptional mechanical strength (4).
Finding that curled-up dichalcogenide sheets
can also form tube-like objects and fullerene-
like nanoparticles (5-8) suggested that synthe-
sis of nanotubes made of atoms other than
carbon may be possible, and relatively small,
15-nm-diameter tubes made of tungsten and
molybdenum disulfide have since been reported
(9-11). The ultralow friction and wear proper-
ties of MoS, fullerene-like particles (12, 13)
make inorganic fullerenes important tribologi-
cal materials. Other layered materials synthe-
sized as nanotubes, tube-like forms, or
onion-like structures have been reported, such
as boron nitride nanotubes with diameters of a
few nanometers (14, 15), W,;0,, hollow micro-
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fibers (/6), and NiCl, multiwall nanotubes
(17). Other layered compounds, such as NbS,
(18) and GaSe (/9), have been the subject of
extensive theoretical calculations, which have
predicted conditions for their stability in cylin-
drical form and some interesting electronic
propetties.

We report on the synthesis and basic
structural properties of subnanometer-diame-
ter monomolecular MoS, single-wall nano-
tubes (SWNTs) produced by a catalyzed
transport reaction involving C,,, and show
that the MoS, nanotubes grow in twisted
chiral bundles of identically structured mol-
ecules stuck together with interstitial iodine.
The tubes vary only in length, but not in
diameter.

The single-wall MoS, nanotubes were
grown by a catalyzed transport method using
Cygo s a growth promoter in the reaction. The
Cy, (5 weight %) was added to MoS,, powder in
the transport tube as catalyst, and the reaction
was run typically for 22 days at 1010 K in an
evacuated silica ampoule at a pressure of 1073
Pa with a temperature gradient of 6 K/cm.
Iodine was used as a transport agent. Approxi-
mately 15% (by weight) of the starting material
was transported by the reaction to form
SWNTs, with the rest remaining in the form of
layered material. The transported material was
subsequently thoroughly washed with toluene
to remove the Cg,.

The transported material grows in the form
of bundles oriented perpendicular to the sub-
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strate surface (Fig. 1), consisting of individual
MoS, nanotubes (20). These bundles start to
grow from randomly distributed nucleation
sites on the quartz surface. The bundles usually
terminate in a sharp tip, forming sharp needles,
with each bundle containing >500,000 ordered
nanotubes. The secondary nucleation of the
bundles on the rough top surface leads to the
formation of microscopic geometrical shapes
(Fig. 1, A and B). A well-pronounced self-
assembly of the bundles indicates an attractive
interaction among the nanotubes. Examination
of the bundles reveals the presence of parallel-
grown strands (Fig. 1C). These strands can be
disassembled into thinner ones and even indi-
vidual tubes by dispersion in ethanol using
ultrasound (Fig. 1D).

Energy-dispersive  x-ray spectroscopy
(EDX) and x-ray fluorescence spectrometry
have shown the chemical composition of the

Fig. 1. Scanning electron and electron transmis-
sion images on different length scales. (A) Bun-
dles appear to self-assemble into various dif-
ferent microscopic structures. (B) The bundles
end in sharp points. (C) A split tip of a bundle
terminating in strands ~4 nm wide. (D) Ex-
panded electron transmission view of a strand
composed of a only few individual nanotubes.
The sample was prepared by dispersion in
ethanol.
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bundles to be (MoS,)-1, with x ~ 1/3. Using
energy electron loss spectrometer (EELS)
analysis, we found no evidence that C, is
incorporated anywhere in the structure, sug-
gesting that it only acts as a growth-promot-
ing catalyst. The stability of the MoS, bun-
dles at normal ambient conditions was evi-
dent from electron microscopy and diffrac-
tion, as well as from other techniques.

A high-resolution transmission electron
microscopy (HRTEM) investigation of the
bundles along their longitudinal direction re-
vealed a hexagonal close-packing of identical
nanotubes (Fig. 2), where the center-to-center
distance between two tubes is 0.961(1) nm.
HRTEM images taken approximately perpen-
dicular to the nanotube axis reveal the or-
dered structure of individual nanotubes, as
well as their regular stacking arrangement
within the bundle (Fig. 1D and Fig. 3A).

Transmission electron diffraction (TED)
shows a complex pattern with slightly de-
formed hexagonal symmetry (Fig. 3C). Perpen-
dicular to the bundle axis, a period of 0.83(1)
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Fig. 2. TEM images of the cross section of a
(MoS,)-1, bundle. (A) Hexagonal structure of
the tubes within a bundle. (B) High-resolution
view of the structure. The insert shows an
image simulation for zone [001]. (C) A model
structure perpendicular to the nanotube axis
(gray. S: dark gray, Mo; black, 1).

nm is dominant. This period is commensurate
with regard to the period 0.27(1) nm belonging
to the hexagonal pattern. Another strong peak
situated close to the (030) spot is caused by a
period of 0.30(1) nm. Two strong periods of
0.20(1) and 0.30(1) nm are present along the
needle axis. X-ray diffraction confirms the TED
data, revealing intense peaks corresponding to
interlayer distances of 0.832(1), 0.351(1),
0.314(1), 0.308(1), 0.279(1), and 0.20(1) nm.
On the basis of the x-ray and electron dif-
fraction data, we propose a model structure
consisting of sulfur-molybdenum-sulfur cylin-
ders (Fig. 2C and Fig. 3B). Following the usual
nomenclature (2/), the structure corresponds to
a (3,3) armchair nanotube. In spite of the large
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Fig. 3. TEM image and electron diffraction of
the (MoS,)-1, bundle in zone [101]. (A) High-
resolution image with image simulation reveal-
ing ordered stacking of nanotubes; bright spots
correspond to the positions of molybdenum
atoms. (B) Model structure of the tubes. (C)
Corresponding electron diffraction pattern in-
dexed in accordance with the model structure.
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difference in circumferences, the distance be-
tween sulfur and molybdenum atoms in the
nanotube is virtually equal to the corresponding
distance in plate-like crystals of MoS, (21). The
dihedral S-Mo-S angle is 63° and 66° for the
inner and outer layers, respectively. For com-
parison, in plate-like crystals, the dihedral angle
is 81.5° (22). The close position of molybde-
num and sulfur atoms in neighboring layers
perpendicular to the nanotube axis requires an
extension of the unit cell along the tube axis by
at least 25% to avoid overlap of the covalent
radii. Considering such an extension, the dis-
tance between the layers is 0.20 nm, corre-
sponding to the diffraction data.

The unit cell of the hexagonal close-packed
nanotubes within a bundle is 0.40 nm along the
bundle axis and 0.96 nm perpendicular to the
bundle axis. The closest sulfur atoms on adja-
cent nanotubes are separated by 0.35(1) nm,
which corresponds approximately to their Van
der Waals diameters. lodine atoms are inserted
in interstitial trigonal voids between the nano-
tubes, creating one-dimensional rows along the
bundle axis. The periodicity of feasible sites for
iodine position along the bundle is 0.40 nm,
which is slightly less than the Van der Waals
distance for iodine (0.43 nm).

High-resolution simulations (Fig. 2B,
inset, and Fig. 3A, inset) using the symme-
try operations of Group P6, (C.%)-No. 173
are found in agreement with the observed
high-resolution images. The unit cell con-
tains 6 molybdenum atoms and 12 sulfur
atoms. The electron diffraction pattern
(Fig. 3C) is indexed using calculated inter-
layer distances of the model structure. A
comparison of the interlayer distances mea-
sured by x-ray and electron diffraction with
the calculated values is presented in Table
1.

The presence of C, in the growth process
was found to be essential, and the nanotubes do
not grow in its absence, but the detailed growth
mechanism is not clear at present. We remark
on the fact that the (1,1,1) plane of C, crystals
shows a hexagonal pattern with the in-plane
lattice parameter of 1.004 nm (23), which is a
close, but not perfect, match to the nanotube
crystal lattice shown in Fig. 2A. It is quite
conceivable that C, plays an active role in
promoting growth at the tip of the growing
nanotube.

Table 1. Comparison of x-ray and TED diffraction
results. Assignment for a hexagonal lattice: a =
0.96(1) nm, ¢ = 0.4 nm.

Measured d Calculated d  Assignment
(nm) = 0.01 nm (nm) (hkl)
0.83 0.831 100
0.35 0.36 101
0.31 0.307 1m
0.28 0.277 300
0.2 0.2 002

REPORTS

Recently, large-diameter armchair MoS,
nanotubes were predicted on the basis of
density-functional tight-binding calculations
(24) to be semiconducting with either a direct
or an indirect bandgap, depending on their
diameter and structure. Extrapolating these
predictions to the (3,3) tubes discussed here,
we can expect the indirect gap to close, giv-
ing rise to a metal with a small, but finite,
density of states at E.. However, the effect of
confinement of electrons on the very narrow
tubes is expected to give rise to energy level
quantization for electrons hopping perpendic-
ular to the tube axis which, because of the
small diameters, may be expected to persist to
unusually high temperatures.

Because of their efficient growth proper-
ties, the tubes may give rise to a new chalco-
genide-nanotube technology based on their
low-dimensional properties. The self-assem-
bly into various regular geometrical shapes
on different length scales appears to be a
property unique to the MoS, SWNTs. The
possibility of handling single tubes, such as
was already demonstrated here, should facil-
itate investigation of single-tube properties,
including quantum effects, in more detail.
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Probing the Structure of Metal
Cluster—-Adsorbate Systems
with High-Resolution Infrared
Spectroscopy

K. Nauta, D. T. Moore, P. L. Stiles, R. E. Miller*

High-resolution infrared laser spectroscopy was used to obtain rotationally
resolved infrared spectra of adsorbate-metal complexes. The method involves
forming the bare metal clusters in helium nanodroplets and then adding a
molecular adsorbate (HCN) and recording the infrared spectrum associated
with the C-H stretching vibration. Rotationally resolved spectra were obtained

for HCN-Mg, (n =

1 to 4). The results suggest a qualitative change in the

adsorbate—metal cluster bonding with cluster size.

The vibrational dynamics of molecules ad-
sorbed on metal surfaces is of fundamental
interest (/) and great practical importance to
several fields, for example, catalysis (2, 3).
Infrared (IR) spectroscopy has been widely
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used to study such processes (/), with the
goal of understanding the associated mole-
cule-surface interactions. Although studies of
this type have provided important insights
into the nature of the associated interactions,
progress has been hampered because the the-
oretical methods used to interpret the exper-
imental data have trouble dealing with the
large number of surface atoms (4). In most
cases, this problem has been addressed by
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