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Figure 4 Top panel, threshold voltage at 20K, Vinresnoid, from a high-resistivity (HR)
to a low-resistivity (LR) state, plotted as a function of magnetic field (see Fig. 3).
Bottom panel, magnetoelectronic phase diagram of Pry _,Ca,MnO3 (x = 0.3) as a
function of magnetic field. Two phase boundaries were determined by field-scan
at a fixed temperature. Open circles, critical fields from the charge-ordered
insulating (COI) to ferromagnetic metallic (FM) state; filled circles, critical fields
for the reverse transition. In the COI state, Mn®" and Mn*" species are regularly
ordered on the crystal lattice, while the average valence of Mnion is 3.3+ inthe FM
state, as shown in the schematics. The hatched region represents hysteresis
where both the COl and FM states are realized, depending on the experimental
history on the phase diagram. Experimental conditions of Fig. 3 are indicated by
filled triangles.

should immediately lead to the appearance of a metallic state
accompanied by a large number of mobile charge carriers (or by a
large Fermi surface), and hence is intrinsically different from
conventional semiconductors or band insulators. The current-
switching phenomenon may be used for the fabrication of electro-
magnets on a micrometre or nanometre scale, as the switching
between the low-resistivity and high-resistivity states in the man-
ganites with charge-ordered instabilities is expected to be accom-
panied by a metamagnetic transition. This may open the way to a
variety of applications such as STM-tip-assisted nanofabrication of
ferromagnetic domains in antiferromagnetic matrices. t
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Carbon nanotubes? might be usefully employed in nanometre-
scale engineering and electronics. Electrical conductivity mea-
surements on the bulk material®, on individual multi-walled>*
and single-walled’” nanotubes and on bundles of single-walled
nanotubes®® have revealed that they may behave as metallic,
insulating or semiconducting nanowires, depending on the
method of production—which controls the degree of graphitiza-
tion, the helicity and the diameter. Measurements of Young’s
modulus show" that single nanotubes are stiffer than commercial
carbon fibres. Methods commonly used to generate nanotubes—
carbon-arc discharge techniques“*, catalytic pyrolysis of
hydrocarbons'"'*> and condensed-phase electrolysis'*'*—gener-
ally suffer from the drawbacks that polyhedral particles are also
formed and that the dimensions of the nanotubes are highly
variable. Here we describe a method for generating aligned
carbon nanotubes by pyrolysis of 2-amino-4,6-dichloro-s-triazine
over thin films of a cobalt catalyst patterned on a silica substrate
by laser etching. The use of a patterned catalyst apparently
encourages the formation of aligned nanotubes. The method
offers control over length (up to about 50 um) and fairly uniform
diameters (30—50 nm), as well as producing nanotubes in high
yield, uncontaminated by polyhedral particles.

In a typical experiment, a thin film of cobalt (~10-100 nm) was
deposited on a silica plate (1 mm thick, 5 mm wide and 20 mm long)
using the following technique. A laser beam (Nd : YAG, wavelength
266 nm, 40 m]J per pulse, 10 Hz) was focused (spot size 2 mm outer
diameter) on a rotating cobalt target (1.5 cm?, 0.25 mm thick) for
10-30 min under vacuum (=<1 X 10~ ®torr). The silica plate,
which was heated to 350 °C during the laser ablation process, was
aligned 40 mm from and parallel to the target. Following ablation,
the plate was exposed to air and etched with a single laser pulse
(5 mJ) using cylindrical lenses (65 mm focal length) to create linear
tracks (widths 1-20 wm, lengths <5 mm; Fig. 1)

A sample of vacuum-dried 2-amino-4,6-dichloro-s-triazine
(0.02-0.15g), prepared from cyanuric chloride and ammonia®,
was introduced into one end of a silica tube (6mm outside
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diameter, length 60cm), and the silica plate coated with etched
cobalt was placed face downwards at the other end. The tube was
inserted into a two-stage furnace' fitted with independent tem-
perature controllers (Fig. 2). Argon gas (20 cm’ min~') was passed
through the system and the temperature of the second furnace was
set at 950 °C. The temperature of the first furnace was then raised at
15°Cmin" to 200°C and then, by 100°C increments (5min per
increment) to 1,000 °C. After 5min at this temperature, the first
furnace was allowed to cool to room temperature, but the second
furnace was maintained at 950 °C for an additional 15 min in order
to complete the annealing process. At this stage, the silica plate was
covered with dark tracks visible to the naked eye; those areas where
the cobalt film had not been laser-etched were transparent (see
below).

100,m ey

Figure 1 SEM image showing uniform tracks etched by the laser beam. It is
believed that along these channels/tracks uniform cobalt nanoparticles are
deposited evenly by the laser striking over the thin film. Scale bar, 100 um.
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A series of silica plates, treated in this way, were coated with gold
and examined by scanning electron microscopy, SEM (Leo 5420
operated at 20keV). The black deposit on a second series of plates
was removed by scraping, dispersed in acetone, and analysed by the
following techniques: transmission electron microscopy (TEM,
using a JEOL JEM 100CX at 100keV), high resolution TEM
(HRTEM, using a JEOL JEM 2010 at 200keV and a JEM 4000 at
400keV, and a Gatan GIF system operated at 200 kV with 0.3-eV
dispersion for fine structure study) and energy dispersive X-ray
analysis, EDX (using a NORAN Instruments detector attached to
the latter microscope). Residues from the acetone exit bubblers (Fig.
2) were analysed by mass spectrometry, MS (VG autospec, electron
impact, 70eV).

SEM studies of the gold-coated plates revealed the presence of
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Figure 2 Pyrolysis device, illustrating the two-stage furnace system.

Figure 3 SEM images of aligned nanotube bundles. a, Low-magnification of
adjacent bundles in which nanotubes appear aligned. Scale bar, 100 .m. b, ¢,
Higher magnification of one bundle, showing aligned nanotubes of uniform
length (40 wm) and diameter (30-50 nm). Scale bars: in b, 10 wm; in ¢, 1 um.
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nanotube bundles closely aligned with the nanotracks (length 1-
5mm) created by laser etching. The tubes within these bundles were
of uniform length (<50 um) and external diameter (~30-50 nm;
Fig. 3). The residual cobalt on the plate was removed, probably by
the action of HCl, and was collected in the exit bubblers as cobalt
chloride. We note that no traces of encapsulated or polyhedral
particles were detected. Aligned-nanotube films also were observed
in other etched regions.

TEM and HRTEM observations (Fig. 4a, b) confirm the presence
of multi-layered graphitic tubules (30—50 nm outer diameter, 60—
80 layers). In most cases, cobalt (particles <50 nm diameter) was
detected by EDX analysis within the nanotube tips. These particles
appear to be responsible for the nanotube growth, but they were
absent from a significant number (5%) of the closed end-caps.
Occasionally, substantial sections of tubes were filled with cobalt.
Analyses (using electron energy-loss spectroscopy, EELS) show that
the nanotubes consist of pure carbon accompanied by traces of
nitrogen (<2-5%). Sharp ionization edges at 284 and 291eV
correspond to m* and o* features associated with sp” hybridized
carbon. A very broad weak feature at 400 eV may be due to nitrogen,
generated during triazine decomposition and trapped inside the
tubules. Both EELS and EDX measurements indicate that chlorine is
entirely absent.

The deposition of a cobalt thin film on silica by laser ablation
seems to be an efficient method for producing a uniform distribu-
tion of the metal catalyst. Subsequent laser-etching generates tracks
or areas free of cobalt (Fig. 1), leaving cobalt particles evenly
positioned along the edges of the eroded tracks or stripes'®. These
particles (<50nm), which exhibit a large surface/volume ratio,
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Figure 4 a, TEM image of a typical region filled with pure nanotubes dispersed by
sonication. Encapsulated and polyhedral particles or other graphitic nano-
structures are absent. Scale bar, 500nm. b, HRTEM image showing good
graphitization within the nanotubes (interlayer spacing ~3.4A). ¢, Electron
diffraction pattern from the group of nanotubes, exhibiting a collective feature.
The tubes are grown in the direction indicated by the headed arrow. The centre of
the first ring corresponds to 3.4Ain real space, the rings revealing the presence
of hexagonal graphite (armchair arrangement) which has an orientational
relationship with the nanotubes. The walls of the tubes are parallel to (0001)
reflections.

appear to be responsible for the carbon agglomeration and the
unique nanotube growth behaviour reported here. An important
factor in our experiments is the ratio of organic precursor (2-
amino-4,6-dichloro-s-triazine) to cobalt. If this exceeds 2,700 : 1 (by
weight) the cobalt is completely removed as cobalt chloride and the
catalyst is destroyed.

It is not clear at this stage why the particle alignment occurs. The
nanotubes appear to grow preferentially through the aligned cobalt
crystals. Overcrowding may be responsible for simultaneous tube
growth from the surface. The experiment was conducted with the
cobalt catalyst on the lower (inverted) silica surface. No aligned tube
growth occurred when the cobalt-coated/etched surface was on the
upper face, so that gravitational effects may well be significant.

An electron diffraction pattern (Fig. 4c) recorded for a group of
nanotubes reveals a highly ordered graphitic arrangement within
the bundles, especially with respect to the (001) plane. In addition,
the outer rings indicate the presence of hexagonal graphite, com-
mensurate with a preferential direction for nanotube growth
(related to a non-helical arrangement corresponding to an armchair
configuration). These patterns are usually observed (20-30%)
within analysed samples.

While this work was in progress a report appeared describing the
large-scale synthesis of aligned carbon nanotubes by passage of
acetylene over iron nanoparticles embedded in mesoporous silica'®.
Pyrolytic formation of nanotubes in high yield that are substantially
free from pyrolytic carbon overcoatings have been reported by
Hyperion Inc.'”®, but full details of the methods and product
characterization have not been published, and the nanotubes do
not appear to be aligned”.. O
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The synthesis, via nuclear fusion reactions, of elements heavier
than the actinides, allows one to probe the limits of the periodic
table as a means of classifying the elements. In particular, devia-
tions in the periodicity of chemical properties for the heaviest
elements are predicted as a consequence of increasingly strong
relativistic effects on the electronic shell structure'~”. The trans-

NATURE | VOL 3883 JULY 1997

letters to nature

actinide elements have now been extended up to element 112
(ref. 8), but the chemical properties have been investigated only
for the first two of the transactinide elements, 104 and 105 (refs 9—
19). Those studies showed that relativistic effect render these two
elements chemically different from their lighter homologues in
the same columns of the periodic table (Fig. 1). Here we report the
chemical separation of element 106 (seaborgium, Sg) and inves-
tigations of its chemical behaviour in the gas phase and in aqueous
solution. The methods that we use are able to probe the reactivity
of individual atoms, and based on the detection of just seven
atoms of seaborgium we find that it exhibits properties character-
istic of the group 6 homologues molybdenum and tungsten. Thus
seaborgium appears to restore the trends of the periodic table
disrupted by relativistic effects in elements 104 and 105.

Calculations of the electron configurations of heavy atoms'~ have
predicted that sudden changes in the structure of the electron shells
may appear due to strongly increasing relativistic effects. These
relativistic effects are proportional to the square of the nuclear
charge, which attracts electrons in spherically symmetric orbitals (s
and p;;;) most strongly to the nucleus. This, in turn, means that the
nuclear charge is more efficiently screened, thus allowing expansion
of the non-spherical d and f orbitals. Because the chemical beha-
viour of an element is strongly dependent on the electronic config-
uration, such relativistic effects can lead to unexpected chemical
properties®”.

Studies of the chemical properties of elements 104 (rutherfor-
dium, Rf) and 105 (hahnium, Ha; the name dubnium has also been
proposed, but has yet to be approved by the International Union of
Pure and Applied Chemistry) were full of surprises''®. The non-
tantalum-like behaviour of hahnium in aqueous solution''"*, for
example, and its similarity to niobium and/or protactinium,
depending on its chemical environment, demonstrated that the
chemical properties cannot be reliably extrapolated from the trends
observed in its lighter homologues. Such surprises have also been
seen in thermo-chromatographic®' and gas-chromatographic
experiments'>'>'>'6. Therefore, it is of interest to investigate whether
the chemical properties of element 106 (seaborgium, Sg) resemble
those of the lighter homologues in group 6 (molybdenum and
tungsten) or those of the pseudo-group-6 element uranium.

We synthesized the most neutron-rich seaborgium isotopes
6559 and *%Sg, in a nuclear fusion reaction between **Ne ions from
the GSI UNILAC accelerator and a ***Cm target with a rate of the
order of one atom per hour (ref. 24). The **°Sg and ***Sg nuclei were
knocked out of the target foil and were stopped in helium gas loaded
with tiny (0.1-1 wm) solid particles (aerosols). Within about three
seconds, the helium transported the reaction products—attached
to aerosols—along capillary tubes to two different sets of chemical
devices. To provide conclusive evidence that a seaborgium atom had
passed through the chemical separation procedures, the experi-
ments were designed to detect the characteristic a-decay chains of
the isotope **°Sg, and the corresponding daughter nuclides **'Rf
and ®"No (ref. 24). In addition, fission fragments were measured
from spontaneous fission decay, which would arise from **’Rf, the
a-decay product of *°Sg. An earlier attempt to perform a chemical
separation of element 106 fell short of unambiguously showing that
the observed, by itself unspecific, spontaneous fission decay origi-
nated from an isotope of element 106 (ref. 25). We have applied two
chemical separation techniques, one probing the formation of
volatile oxychlorides in a gas-chromatographic experiment, and
another one probing the formation of oxo- or oxyfluoride
complexes in aqueous solution by liquid chromatography.

In classical gas chromatography, a substance under investigation
is introduced into a flowing stream, and the time taken for the
sample to emerge from chromatographic system is measured. In our
experiment, in contrast, the nuclear reaction products were con-
tinuously supplied and separated in OLGA III—the on-line gas
chemistry apparatus'’. This technique uses the half-life of the
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