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FIG. 2 a Observed values of rotation rate for the first 15 days; as in Fig.
1c¢, all values are residuals after allowing for the normal slowdown rate, the
persistent increase in slowdown rate, and the 265-day component. b, The
residuals after subtracting all four components described in the text.

timescale. It is remarkable that simple exponentials provide
good fits to all three time-varying components, indicating that
three distinct physical processes, possibly in three distinct
regions, occurred in the superfluid of the neutron star. The
exponential decay is regarded as the re-establishment of the
normal differential rotation between the crust and the superfluid,
the two delayed spin-ups have as yet no explanation.

The largest and most significant effect of the glitch is seen to
be the persistent change in slowdown rate, amounting to 0.04%.

It has already been pointed out® that the 1975 glitch left a
persistent increase of ~0.05% in slowdown rate; the available
data between 1975 and 1989 show no indication of a decay in
this increase. The change in 1989 was 0.04%, so that the cumula-
tive effect of the two glitches is an increase in slowdown rate
of ~0.1% over 20 years.

The rotational slowdown rate is determined by the torque due
to electromagnetic radiation and particle outflow, and by the
effective moment of inertia of the star. We are not yet able to
say which of these two parameters changed at the glitches. It is
difficult to account for so large a change in terms of a decrease
in effective moment of inertia due to a change in the shape of
the crust of the star, because for a rotation rate of 30 Hz the
equilibrium ellipsoid has a moment of inertia only 10~ greater
than that of a sphere. Alternatively the decrease might be due
to a progressive increase in vortex pinning in the superfluid as
the neutron star slows down and cools. If this glitch activity has
continued over the lifetime of the pulsar, roughly 5% of the
moment of inertia of the neutron star must now be effectively
removed in the form of pinned vortices; but according to current
models®, only ~1% of the total moment of inertia is involved
in the whole of the superfluid that interpenetrates the inner
crust, where pinning might take place.

The alternative explanation, involving a change in the rate of
momentum loss through electromagnetic radiation or particle
outflow might be accompanied by an observable change in the
radiation pattern or the braking index; we intend to search for
these in our continued monitoring programme. 0

Received 2 June; accepted 24 August 1992.

. Lyne, A. G. & Pritchard, R. S. /AU Circ. No. 4845 (1989).

. Demianski, M. & Proszynski, M. Mon. Not. R astr. Soc. 202, 437-451 {1983).

Lyne, A. G, Pritchard, R. S. & Smith, F. G. Mon. Not. R astr. Soc. 233, 667-676 (1988).
Boynton, P. E., Groth, E. J, Partridge, R. B. & Williamson, D. T. /AU Circ. No. 2179 (1969).
Lohsen, E. Nature 258, 688-689 (1875).

Lyne, A. G. & Pritchard, R. S. Mon. Not. R. astr. Soc. 229, 223 (1987).

Standish, E. M. J. Astr. Astrophys. 114, 297-302 (1982).

. McCulloch, P. M., Hamilton, P. A, McConnell, D. & King, E. A. Nature 346, 822-824 (1990).
. Pines, D. & Alpar, M. A. Nature 316, 27-32 (1985).

PPN O Ew MR

Curling and closure of
graphitic networks under
electron-beam irradiation
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THE discovery' of buckminsterfullerene (Cg,) and its production
in macroscopic quantities® has stimulated a great deal of research.
More recently, attention has turned towards other curved graphitic
networks, such as the giant fullerenes (C,, n > 100)** and carbon
nanotubes®®. A general mechanism has been proposed” in which
the graphitic sheets bend in an attempt to eliminate the highly
energetic dangling bonds present at the edge of the growing struc-
ture. Here, T report the response of carbon soot particles and
tubular graphitic structures to intense electron-beam irradiation
in a high-resolution electron microscope; such conditions resemble
a high-temperature regime, permitting a degree of structural
fluidity. With increased irradiation, there is a gradual reorganiz-
ation of the initial material into quasi-spherical particles composed
of concentric graphitic shells. This lends weight to the nucleation
scheme proposed” for fullerenes, and moreover, suggests that
planar graphite may not be the most stable allotrope of carbon
in systems of limited size.
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The remarkable stability of the C,, molecule has been
attributed to its highly symmetrical structure where the carbon
atoms are arranged at the vertices of a truncated icosahedron’.
The C4, molecule may be viewed as a hexagonal graphitic sheet
which, by incorporating pentagons, has eliminated all dangling
bonds, curling to form a hollow ball (7.1 A in diameter). For
all fullerenes, the strain due to the bending of the sp> orbitals
tends to concentrate at the vertices of the pentagons. The out-
standing stability of the Cg, molecule is due both to the fact
that this is the smallest carbon cage where there are no adjacent
pentagons, and to its spherical form which allows the strain to
be symmetrically distributed over all atoms'’.

In addition to Cgy, cylindrical carbon structures have been
observed” in which the graphitic sheet has a helical arrangement.
The natural question arises: how is it possible to generate such
symmetrical, low-entropy forms from the random condensation
of carbon vapour? Perhaps it is worthwhile to contemplate the
ease with which these carbon hexagonal networks grow as
curved or closed sheets rather than the traditionally planar ones.
Chemists are conditioned to think of graphitic sheet structures
as flat, where carbon atoms are bound in infinite hexagonal
sheets, like chicken wire. In carbon vapour, pieces of graphite
sheet would have many dangling bonds; they would have little
reason to remain flat, and the physical tendency to reach the
lowest energy level available would induce the sheets to elimi-
nate their dangling bonds by curling up'’. By heating and
properly annealing pure carbon in the absence of other chemi-
cally active elements, and under conditions that favour sp’
carbon network formation, it should be possible to synthesize

707

© 1992 Nature Publishing Group



LETTERS TO NATURE

curled nets and closed cages. In fact, this is the situation in arc
discharges, which is the technique used at present to produce
macroscopic quantities of fullerenes®, metallofullerenes'® and
graphitic tubules'*.

Under the conditions of observation in an electron micro-
scope, strong irradiation in some respects resembles a high-
temperature regime, allowing structural fluidity; for example,
amorphous carbon films usually develop slight graphitization
under the electron beam. In particular, irradiation usually heats
the sample by energy absorption and ruptures bonds through
electron excitations. Furthermore, high-energy particles can
transfer momentum to the nuclei, displacing atoms to interstitial
lattice sites (‘knock on’). Such conditions may be realized by
electron bombardment in a high-resolution electron microscope
(HREM), and consequently the evolution of a sample may be
observed, even up to atomic details under favourable conditions.
We must note, however, that electron-beam heating may not
lead to the same result as thermal heating, because of the
contribution of the excitation processes.

We have irradiated carbon soot in a 300-kV HREM micro-
scope (Philips EM430 ST), using an electron dose up to 10-20
times higher than under normal operating conditions (the usual
dose is 10-20 A cm ?). Figure 1 shows a sequence of images of
a group of irradiated graphitic particles, taken at 10-minute
intervals. The original soot, collected in an arc-discharge
apparatus, contains mostly nanometric needles formed by
coaxial graphitic tubes, with some polyhedral graphitic particles
formed by the junction of small flakes of planar graphite (Fig.
1a). All the particles are covered with a thin amorphous carbon

FIG. 1 Sequence of transmission electron micrographs of carbon soot
subjected to strong electron beam irradiation. & Original soot containing

tubular or polyhedral graphitic particles; b, after 10 minutes of strong .

irradiation, there is a noticeable tendency for the particles forming the soot
to become more spherical, especially the graphitic needles; ¢, after 20
minutes, the soot is nearly exclusively composed of quasi-spherical graphitic
particles. Further irradiation does not produce significant observable changes
in structure.
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layer. In the intermediate image of the sequence (Fig. 1b),
particles now show more marked curvature and, in particular,
the tubular structures are collapsing. At this stage, the amor-
phous carbon layer has graphitized epitaxially onto the particles.
Finally (Fig. 1c¢), the electron annealing leads to a sample
composed almost entirely of spherical particles. Detailed
examination of the particles shows that they consist of an
assembly of concentric spherical graphitic cages (see Fig. 2),
the distance between layers agreeing with that for bulk graphite
(dyo, =3.34 A). The apparent disorder in the spherical shells
arises as a consequence of the low electron dose necessary for
taking the micrographs; under such conditions, the heating effect
of the electron beam is insufficient to permit structural reorganiz-
ation back to the closed-shell form. Imaging on a much shorter
timescale, however, permits the observation of more complete
structures (see cover picture). The existence of these structures
has already been proposed’> ",

The final spherical structures do not correspond to the defor-
mation of a tube into a sphere with the same number of atoms
(see scheme for single-shell particles in Fig. 3a, b), but rather
to the formation of a multiple-shell sphere with a very small
central cage (Fig. 3¢). The reduced dimension of the final inner
shell (0.6-1 nm) allows an increase in the number of shells.
Following Euler’s theorem, any closed hexagonal network con-
tains exactly 12 pentagonal rings; this is the case in the tube
(Fig. 3a, the pentagons being situated at the hemispherical
domes at the extremities of the cylinder) or in the spherical cage

FIG. 2 Detailed structure of the graphitic particles marked with an arrow in
Fig. 1¢. Dark contrast rings correspond roughly to atomic positions, and the
distance between rings corresponds to the (002) lattice parameter of bulk
graphite. Note the remarkable sphericity of the particles.
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(Fig. 3b). The onion-like particle of Fig. 3¢ is formed by four
closed shells; in consequence, it contains four times as many
pentagons. Our results present clear experimental evidence of
the spontaneous tendency of graphite to include pentagons in
its hexagonal network and form curved structures. Hence, they
support the dangling bond minimization scheme, proposed to
explain the growth of fullerenes from carbon vapour®.

Curved graphitic sheets can also be formed by irradiation of
amorphous carbon particles (Fig. 4). The graphitic structures
generated are naturally curled, and two nucleation centres are
easily recognizable (marked with arrows in Fig. 4b), from which
spherical particles will be formed. Further irradiation annealing
leads to the separation of the two graphitic spheres.

The formation mechanism for these multiple-shell spheres is
based on irradiation-stimulated graphitization, and is rather
different from the accretion mechanism originally considered
in laser vaporization and arc-discharge experiments, which
would produce spiral multiple-shell particles®.

The sequence shown in Fig. 1 clearly reveals that if enough
energy is provided, spherical structures are favoured over
tubular ones. This observation agrees with the predictions made
for giant fullerenes'®'® (monolayers), but van der Waals interac-
tion between the concentric layers should be included in order
to compare calculations with the present experiments.

The ‘spherical graphite’ that we have observed may attain a

FIG. 4 Transmission electron micrographs of amorphous carbon subjected
to electron irradiation. & Original particle; b, after 10 minutes of strong
irradiation, graphitization (marked with arrows) is present, and the sheets
show a clear tendency to form closed cages. Further irradiation would lead
to the separation of two graphitic spheres.
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FIG. 3 Schematic representation of three-dimensional particles formed by
an equal graphitic surface: a, cylindrical structure closed by hemispherical
domes (diameter @=1nm and 13.7 nm long); b, spherical cage (=
3.74 nm); ¢, onion-like structure formed by 4 shells (¢ = 2.72 nm), the central
one being a Cg, molecule.

considerable size (47 nm in diameter and ~70 shells for the
particle shown in Fig. 2b). In a few cases, we have even observed
spheres several micrometres in diameter, although in this range
of sizes a prolonged irradiation period is required before the
particles become spherical. We should not rule out the possibility
that even larger (possibly macroscopic) graphitic spheres could
be generated by adequate annealing of carbon; the maximum
size attainable will give us information about the distortion
present in the closed graphite sheets. The traditional idea that
planar graphite is the most stable form of pure carbon would
then have to be seriously reviewed: a flat graphite flake cannot
be perfect, and includes many dangling bonds which are usually
eliminated by attaching impurities (for example, hydrogen). The
‘spherical graphite’ presented here is a pure carbon material,
which has no dangling bonds, and moreover, having a spherical
shape, allows a uniform distribution of the strain because of
the out-of-plane geometry. Those of us accustomed to traditional
planar graphite, initially surprised by the fascinating fullerenes,
are now confronted with supplementary evidence that spherical
carbon networks can be favoured under high temperature or
strong irradiation regimes.

This notion also raises a point concerning the solid allotropes
of carbon. When Kritschmer et al.” synthesized large amounts
of the C4, molecule for the first time, they prepared a new, third
form, of solid carbon (called fullerite), which is a three-
dimensional packing of C,, spheres and is distinct from the two
traditional crystalline carbon forms, graphite and diamond.
Considering the observed tendency of graphite to form multiple-
shell spheres (‘onions’), of which single-shell fullerenes are only
the first member, we speculate that fullerite is the first member
of a family of new solid forms of carbon that could be formed
by the packing of these onion-like graphitic spheres, interacting
through van der Waals forces. Further experimental work will
be needed to produce and isolate multishelled graphitic spheres,
but a huge family of carbon materials awaits the skill of
experimentalists. O
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