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Abstract. Although it is some five years since fullerenes were extracted in macroscopic
quantities from the black, superficially amorphous sooty deposits produced by a carbon arc under
helium, little is known in detail about the structure of the deposit or its electrical and magnetic
properties. Here we provide evidence that this deposit, known as fullerene soot, is composed of
defective networks of carbon atoms which do not have all valencies satisfied. We have studied
these soots, before and after thermal annealing, using x-ray and electron diffraction, electron
spin-resonance (ESR) spectroscopy, infra-red transmission and measurements of electrical
conductivity. We find that localized states associated with such dangling bonds are removed from
the soot on annealing and this process is accompanied by an ordering transition which modifies
the electrical and magnetic properties. The fullerene soot particles appear to be encapsulated
aggregates of highly defective carbon ‘onions’. Such metastable defective networks undergo a
subtle ordering processes upon heat treatment which is accompanied by a rise in the electrical
conductivity and a loss of paramagnetism due to the elimination of unsatisfied carbon atom
valencies. Electrical conductivity and infra-red transmission measurements indicate that the
centre of these ‘onions’ is graphitic, with metallic properties. The temperature dependence
of the electrical conductivity suggests that charge transport in both annealed and unannealed
materials occurs by tunnelling between metallic islands in the sample. The ESR linewidth,
arising from the spin centres in fullerene soots, is not significantly changed by exposure to
oxygen. This suggests that the free radical centres in fullerene soots are extremely efficiently
isolated from the atmosphere—presumably by encapsulation. This behaviour contrasts with that
of amorphous carbons prepared by thermal decomposition of organic materials (chars). The ESR
g-factors of the fullerene soots are lower than those of chars, which suggests that the radicals in
fullerene soots have strong sigma character due to unsatisfied sp2-type valencies. In this paper, a
plausible structure and associated annealing mechanism for the fullerene soot is presented based
on these experimental observations.

1. Introduction

A fascinating solid black condensate (here called fullerene soot) is generated in the gas
phase and deposited during the discharge in a Krätschmer–Huffman carbon arc fullerene
generator [1]. Following the work of Krätschmeret al and many other subsequent studies
[1–7] it is now known that this form of pure carbon typically contains a few per cent of
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Figure 1. Small-aperture transmission electron diffraction of 50 Torr He soot. The spot pattern
shown is consistent with a collection of randomly orientated graphitic microcrystallites as shown
in figure 3.

extractable fullerenes of which C60 is dominant. Although publications dealing with novel
aspects of fullerenes abound, less is known about the nature of fullerene soot. In this paper
a summary of the results of an extensive structural, electrical and magnetic characterization
of fullerene soot is presented and a comparison is made with the data obtained after
annealing the material. Several studies which have focused mainly on electron microscope
studies of the fullerene soot have appeared [3, 6–8] but here we focus on the annealing
process and relate the structural changes observed by electron microscopy to changes in
electrical and magnetic properties. The characterization of the annealing transition has been
implemented with the aid of ESR spectroscopy, optical absorption measurements, high-
resolution transmission electron microscopy (HRTEM) and electrical conductivity as well
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Figure 2. A transmission electron micrograph of 50 Torr He fullerene soot showing coagulated
balloons which are suggested to be sealed containers of defective free radical material. Notice
that the shape of the particles suggests that the balloons contain several structures held together
initially by Van der Waals forces and then sealed by a number of coats of carbon atoms in the
gas phase.

as Hall coefficient measurements. ESR and electron diffraction measurements show that
the annealed soots are more ordered than the nascent fullerene soots. The key result is that
on annealing, the localized component of the ESR signal disappears with a concurrent rise
in electrical conductivity resulting from an increased connectivity of the structure. These
changes are accompanied by simultaneous changes in the electron micrograph patterns and
x-ray diffraction profiles which enable us to propose plausible structural characteristics for
the fullerene soot and to rationalize the changes in electrical and magnetic properties induced
by annealing.

2. Fullerene soot preparation and structural characterization

The fullerene soot used in this study was prepared using the now standard Krätschmer–
Huffman technique [1]. Helium was used as the quenching gas at a pressure of 50 Torr.
For annealing, the soot samples were placed in quartz boats which were then loaded into a
pyrolysis tube and heated at 1273 K under flowing argon at atmospheric pressure. The heat
treatment was applied for seven hours after which time the samples were allowed to cool
(under argon flow). Whereas the original soot is very loose and light, the annealed soot is
much more compact.

An electron micrograph, taken using a JEOL 1200EX electron microscope operating at
120 keV, of an unannealed fullerene soot is shown in figure 1 where it can be seen that the
soot is made up of irregularly shaped balloons of typical lateral dimensions around 50 nm.
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During the discharge of a carbon arc, highly defective carbon ‘onions’ of different sizes
will form via an icospiral mechanism [28]. Gas-phase aggregation of such large polarizable
‘onion’ structures is also expected. The coagulation of fullerene soot particles has been
observed previously by Ugarte [3, 6, 7] and our micrographs are similar in form to those
reported by him for soots prepared at 100 Torr He pressure. We believe that the shape of
the fullerene soot particles is that of encapsulated aggregates or sealed bags of these carbon
‘onions’.

Figure 3. A possible origin of the random spot pattern in figure 2.

We have succeeded in capturing on film (figure 2) evidence for polycrystalline regions
in the unannealed soots. Selected-area electron diffraction indicates that the fullerene soot
is in large part amorphous; however, an extensive search showed regions with randomly
arranged spot diffraction patterns, indicating the existence of randomly oriented graphitic
microcrystallites in the material. A possible structural interpretation (figure 3) of the origin
of such a spot pattern is that it arises from graphitic microcrystallites embedded in the
unannealed soot. The corresponding x-ray diffraction profile of the unannealed material
gave a main reflection with a spacing of 3.34Å which is very close in position to the(002)
reflection in graphite [10, 11] in agreement with the work of others [9]. However, the
x-ray diffraction peak is broad which is indicative of very small crystallites. The electron
diffraction studies indicate that these cannot be larger than about 100Å.

On annealing, the individual peaks in the x-ray diffraction profile become narrower
indicating that the annealed material has formed more extended regions of order which is
consistent with the images seen in the electron micrographs. The 100 Torr fullerene soot
studied by Ugarte [3, 6, 7], when annealed at∼2000 K for one hour, undergoes a spectacular
structural transformation. Figures 4–6 show some typical transmission electron micrographs
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Figure 4. The nanoparticle formed on annealing the 50 Torr He soot (seven hours at 1273 K in
flowing argon).

(TEMs) obtained after annealing our 50 Torr fullerene soot at 1273 K for seven hours. The
annealed material is inhomogeneous and contains regions with submicron-sized particles as
shown in figure 4, disordered regions and partially crystalline regions as shown in figure
5, which captures an intermediate stage in the formation of a nanotube. Figure 6 shows
nanostructures contained in the interior of other submicron-sized structures suggesting that
collapse of the material on the inside of the balloon-like structures occurs on annealing. It
can be seen from the presence of inner walls in the tube that collapse of the walls between
coagulated particles occurs at a late stage. Figure 7 shows selected-area electron diffraction
from the annealed soot clearly showing crystalline regions. (See also figure 8.)

The structure for the unannealed soot which best fits the electron and x-ray diffraction
data is that of a defective arrangement of small fragments containing several planar or
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Figure 5. A section of an open tube formed on annealing the 50 Torr He soot (seven hours at
1273 K in flowing argon).

non-planar layers of carbon atoms. It is unlikely that, during the gas-phase formation of
fullerene soots, the edge atoms in defective carbon layers can satisfy all valencies and hence
it is expected as we verify below that the balloons are essentially sealed containers with
free-radical-containing material inside. This suggestion is supported by ESR measurements
as described below.

3. Electron spin-resonance (ESR) investigations

The ESR absorption measurements on the fullerene soot samples were measured on a Bruker
ESP 300 ESR spectrometer operating at X-band and at 5 mW microwave power to avoid
saturation. Figure 9 depicts a set of typical ESR lineshapes obtained from a fullerene soot
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Figure 6. Partial formation of a nanotube formed by annealing 50 Torr He soot (seven hours at
1273 K in flowing argon). Note the disordered material and wall in the interior of the tube.

sample (i) in air at 300 K, and (ii) in vacuum at 300 K. All of the signals recorded were
symmetric; this contrasts with the asymmetric lineshapes that have been observed from
polycrystalline graphites where the resonance is due to conduction electrons [12, 13].

The temperature dependence of the ESR signal is shown in figure 10. The intensity
decreases by approximately a factor of two over the temperature range 100 K to 300 K
whereas a factor of three would be expected from Curie’s law. This indicates the presence
of localized spins whose intensity follows Curie’s law but, in addition to explain this
deviation from Curie’s law, a tentative explanation, consistent with the our overall structural
viewpoint, is the presence of a thermally activated component consistent with a singlet–
triplet transition. A straightforward analysis [14] yields an estimate of the spin concentration
of both components of very roughly 1021 g−1 which corresponds to approximately 1 spin
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Figure 7. Small-aperture transmission electron diffraction from annealed fullerene soot indic-
ative of quasi-crystalline order in small regions of the annealed (seven hours at 1273 K in
flowing argon) 50 Torr He fullerene soot. The exact atomic arrangement responsible for the
pattern is not known.

for every 10–100 carbon atoms. The singlet–triplet splitting was estimated to be 0.03 eV.
Since it is expected, as supported by results described below, that the unannealed fullerene
soots are essentially sealed containers with free radical material inside, we attribute the
ESR signals to unsatisfied valencies at the edges of carbon fragments in the interior. Spin
centres which are close in space may couple to give a non-magnetic singlet ground state
which may be thermally activated to a triplet state. The ESRg-factor for the fullerene soot
before annealing in the temperature range 100–300 K is close to 2.0023 and the peak-to-
peak linewidth was close to 2× 10−4 T over the same temperature range. By contrast,
the ESR linewidth in graphite rises with an approximately inverse temperature dependence
indicating that the spin centres in fullerene soots are of a quite different origin from those
in standard graphites [12].

In amorphous carbons, prepared by the thermal decomposition of organic materials,
paramagnetic centres which give rise to ESR signals can be observed at the onset of
charring [14–18]. An analysis of theg-factors for a range of chars [17] indicates that
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Figure 8. As figure 7.

these are typically in the range of values 2.0030–2.0034, consistent with odd-alternantπ -
radical carriers. Hence it appears that the radicals in fullerene soots and chars are not of
the same type. In marked contrast to those of chars [15–18], the linewidths of the fullerene
soot resonances did not change to any significant degree when the samples were exposed
to oxygen (figure 11). In chars, the interaction with paramagnetic oxygen molecules causes
a dramatic broadening effect. The absence of such an oxygen effect is significant since
it indicates that the spin centres in the fullerene soot are inaccessible to the paramagnetic
oxygen molecules which are likely to cause dipolar broadening of the ESR absorption [19].
A plausible explanation is that in fullerene soots, the free radicals are encapsulated.

On the other hand the annealed soot, prepared at 50 Torr He pressure, did not show
ESR signals which is consistent with the complete satisfaction of free valencies during
structural rearrangements caused by annealing as discussed above. It is possible that ESR
activity in the annealed fullerene soot has remained undetected due to relaxation effects,
such as collisions with impurities or with the edges of crystallite, which have broadened
the resonances beyond detection. Charge-carrier ESR absorption has been observed in
nanotubes with quite similar characteristics to the ESR absorption in graphite [20]. In
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Figure 9. Typical ESR spectra of unannealed fullerene soot.

Figure 10. The temperature dependence of the paramagnetic susceptibility of fullerene soots.

some fullerene soots annealed under different conditions an ESR signal with very weak
temperature-dependent intensity has been observed which is characteristic of charge-carrier
Pauli paramagnetism.
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Figure 11. The oxygen effect in the ESR absorption signal measured
at 300 K obtained from a amorphous carbon char (sulphanilic acid)
decomposed in argon at 900 K described in detail in [18]. Note that the
signal broadens by a factor of about 20 on exposure to oxygen suggesting
that the spin centres are exposed to paramagnetic oxygen molecules. No
such effect is observed in fullerene soots.

4. Electrical conductivity measurements

Electrical conductivity measurements were carried out on discs of fullerene soot compacted
with polyvinyl chloride (PVC) as a binder (binder concentration 15% by mass), by the Van
der Pauw method [21]. The conductivity, at room temperature, of an unannealed sample
is 5× 10−6 S cm−1 and that of an annealed sample is 2× 10−5 S cm−1. The compaction
was carried out at 1248 kg cm−2. The conductivity as a function of temperature,σ(T ), was
thermally activated and found to give a good fit (the correlation coefficients are 0.995 and
0.984 for unannealed and annealed samples respectively) to the form

σ(T ) = σ0 exp(−bT −1/2) (1)

as shown in figure 12. Such a functional form for the temperature dependence of the
electrical resistance is characteristic of percolation charge carriers tunnelling through a
matrix of conducting particles [22, 23]. We should point out that a plot of ln(σ ) versus 1/T

is also roughly linear (correlation coefficients are 0.974 for both unannealed and annealed
samples), but the correlation is inferior to that of the fit proposed above.

It is noteworthy that the slopes of the plots in figure 12 are unaffected by the annealing
process. In a percolation process charge carriers seek pathways offering minimum resistance.
Qualitatively it would appear that similar pathways exist in both materials but that the
concentration of these in the annealed samples is higher.

The conductivity for the unannealed sample, extrapolated to infinite temperature,
is 5.5 × 10−4 S cm−1 which is consistent with a mechanism involving tunnelling or
hopping between localized states [26]. For the annealed soot the corresponding value is
2.8 × 10−3 S cm−1. Hall mobility measurements indicate that the charge carriers are holes
with densities of∼1.4× 1018 m−3 for the unannealed sample and∼2.6× 1019 m−3 for the
annealed sample. It is useful to compare these values with ambient temperature conductivity
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Figure 12. The temperature dependence of the electrical conductivities of unannealed and
annealed (seven hours at 1273 K in flowing argon) fullerene soot showing an activated conduction
of the form σ(T ) = σ0 exp(−bT −1/2) indicative of tunnelling between metallic islands in the
materials.

(∼730 S cm−1) and the charge-carrier density (∼3 × 1024 m−3) for semi-metallic graphite
[24, 25]. These increased values reflect the significantly higher structural order in extended
graphitic material. The mobility values are 2.25 × 10−3 m2 V−1 s−1 for the unannealed
sample and 4.9× 10−4 m2 V−1 s−1 for the annealed sample. These mobility values are too
large to be associated with carriers hopping below a mobility edge [26] and it seems more
likely that the carrier wavefunctions are only very weakly localized. The conductivities of
both the annealed and the unannealed samples are roughly independent of frequency up to
∼10 MHz. The rise in conductivity in this high-frequency region is highly suggestive of
hopping/tunnelling between conductive islands in these materials. The capacitance of the
unannealed sample was measurable but that of the annealed sample was too lossy to allow
comparison. This behaviour is indicative of a large increase in the concentration of metallic
regions in the annealed material.

The electrical conductivity studies reported here have yet to be explained by a detailed
theoretical model but they are consistent with carriers which tunnel between conductive
islands. The conductive islands are presumably graphitic and from the carrier densities the
concentration of such ordered graphitic regions rises by about a factor of ten on annealing.
We do not find any evidence for a contribution to the conductivity from localized spins and
indeed electrons inσ -bonds have very low electrical mobilities. Indeed, the very fact that
electron spin-resonance absorption is observed in the unannealed fullerene soots suggests
that electrons inσ -bonds are Anderson–Mott–Hubbard localized [26].
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Figure 13. A plot of (α(ω)h̄ω)1/2 against photon energy for a thin film of fullerene soot prepared
at a pressure of 50 Torr He.

5. Infra-red transmission measurements

In electrically conducting solids with small band gaps, infra-red absorption due to electronic
transitions may be observed. In many crystalline semiconductors an optical absorption edge
enables the band gap to be determined spectrometrically. Many amorphous semiconductors
show frequency-(ω-) dependent optical absorptionα(ω) of the power-law form given by
[18, 26]

α(ω) = K(h̄ω − h̄ω0)
n/h̄ω (2)

whereK is a constant andn is usually in the range 1–3. ¯hω0 is the lowest energy gap
for electronic transitions. This procedure allows a band gap to be measured optically. In
figure 13 the unannealed fullerene soots are shown to follow the above law quite well when
n = 2. It is evident that the plot is linear and, subject to the small experimental errors,
extrapolates through the origin. The implication of this observation is that it strongly
supports the notion that fullerene soots contain metallic islands which are likely to be due
to extended layers of carbon atoms containing delocalized electronic states. The optical
absorption and electrical conductivity of the unannealed fullerene soots are consistent
with the conclusion drawn from the electrical conductivity measurements above that the
conductivity is due to tunnelling between metallic islands with zero optical gap in the
material.

6. Discussion

On the basis of the evidence presented above we are now able to make some inferences
about the structure of fullerene soots. Fullerene soots are formed by nucleation of a carbon
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Figure 14. Suggested structure of typical contents in the interior of an unannealed fullerene
soot particle. A defective carbon ‘onion’ with dangling bonds is shown from several viewpoints.
The balloon-type structures shown in figure 1 are thought to be effectively sealed containers of
such defective metallic ‘onions’ [29].

Figure 15. A perfect nanoparticle seen from several viewpoints.

plasma. However, little is known about the detailed mechanism of the process. The studies
described here can be rationalized if the interiors of unannealed fullerene soots are composed
of characteristic structures similar to those shown in figure 14 in which carbon layers contain
voids or defects at a level which is consistent with the ESR result—namely∼1 spin per
10 carbon atoms. The bonds at the edges of the defects, so-called dangling bonds, appear
to give rise to the experimentally observed ESR signals. Spin centres which are in close
proximity may couple in pairs to give triplet states, thereby accounting semi-quantitatively
for the temperature dependence of the ESR signals in the unannealed soots. The lack of any
observable effect of oxygen in the ESR spectra of the unannealed soot together with the TEM
images indicates that the spin-carrier phase is encapsulated inside effectively closed carbon
cages. It seems unlikely that the interior of the soot particle is entirely covalently bonded.
During the gas-phase formation of such carbon structures, aggregation may occur by van
der Waals interactions which will be strong between such essentially metallic molecules
with large polarizabilities.

On annealing, it appears that several processes occur, all involving the removal of the
defect voids in the defective carbon ‘onions’. One such process involves the removal of
defective layers in the interior of an ‘onion’ structure to form the nanoparticle shown
in figure 15. The rise in the conductivity on annealing is attributed to an increasing
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concentration of metallic islands in the material. The annealing process studied here appears
to involve the removal of the walls of the coagulated unannealed particles to produce a new
form of nanostructured material. The driving force for the annealing process is the need for
unstable defective carbon networks to eliminate the large number of dangling bonds trapped
at defect sites in carbon sheets by the most expedient locally accessible network-extending
process [27].
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