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Abstract
C60 has been studied by means of time-resolved x-ray diffraction measurements
using synchrotron radiation. Diffraction patterns were recorded at intervals
of 1–10 min for samples under high pressure (12.5 and 14.3 GPa) and high
temperature (up to 800 ◦C) for, at the longest, 3 h. Time, pressure, and
temperature dependences of the C60 structure are presented and the relevance
to the hardness of materials derived from C60 is discussed.

1. Introduction

Various high-pressure studies have been performed on fullerene (C60) to investigate the effects
of pressure on the fullerene cages. For example, very hard materials comparable to, or even
harder than, diamond can be produced [1–15]. The structures of such materials are interpreted
using different models such as an amorphous state consisting of sp2 + sp3 bondings [1–
4, 6, 9, 11–13], a nanocrystalline mixture of diamond and graphite [5, 7, 8, 10, 14],and a mixture
of amorphous carbon and nanocrystalline graphite [15]. These interpretations have been all
derived from post-compression investigations. In situ observation is required to establish the
structure of hard materials derived from fullerene in more detail and, furthermore, to find the
mechanism for producing hard materials.

2. Experimental details

Powder C60 (99.9% purity, MER Co.), after being dried at 200 ◦C and 10−3 Torr for 24 h,
was used as a starting material. The sample was pressurized with a cubic anvil press
(MAX80) [16] installed at the AR-NE5C beamline of the High Energy Accelerator Research
Organization (KEK), Tsukuba. Polycrystalline NaCl was used as a pressure marker. High
temperature was attained by passing a direct current through a pair of graphite discs. Energy-
dispersive x-ray diffraction study was undertaken with a diffraction angle chosen at 6◦. Time-
resolved measurements were carried out at 400, 500, 600, 650, and 800 ◦C (12.5 GPa) and 200,
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Figure 1. X-ray diffraction patterns of samples. The asterisked peaks are from the MgO tube used
for the sample capsule.

300, 400, and 600 ◦C (14.3 GPa). For each P, T -condition, diffraction patterns were recorded
at intervals of 1–10 min, for 3 h in most cases. After the high-pressure–high-temperature
experiments, the samples were retrieved and subjected to Raman scattering investigation and
scratch tests. The scratch tests were performed by using sintered compacts of SiC and WC.

3. Results and discussion

X-ray diffraction patterns taken at room temperature indicated that the pristine fcc structure
persisted to at least 14.3 GPa. Upon heating to 900 ◦C (at 12.5 GPa) or to 600 ◦C (at 14.3 GPa),
there occurred significant changes in the diffraction patterns. Typical examples are shown
in figure 1. In this case, each pattern was recorded every 100 ◦C with an acquisition time
of 200 s. In figure 1, amorphization starts at about 400–600 ◦C (12.5 GPa) and at about
400–500 ◦C (14.3 GPa), as evidenced by a significant broadening of each peak. According
to the Raman scattering spectra of samples retrieved from 12.5 GPa, the Ag mode vibration
peaked at around 1460 cm−1 has disappeared around these temperatures. This fact suggests
that the five-membered rings of the C60 molecule break and the cage structure collapses. At
temperature higher than 700 ◦C (at 12.5 GPa) all the reflections from the fcc phase finally
disappear and the sample becomes completely amorphous.
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Figure 2. Representative time-resolved x-ray diffraction patterns recorded at 14.3 GPa: (a) at
400 ◦C; (b) at 600 ◦C. The asterisked peaks are from the MgO used for the capsule and the crossed
peak is from the NaCl used for the pressure marker.

Results of time-resolved measurements recorded at 14.3 GPa are shown in figure 2. At
400 ◦C, figure 2(a), the intensities of reflections from the fcc phase clearly decrease during the
period spent at this temperature. At 0 min (i.e., just after the temperature 400 ◦C is reached),
the (220), (331)/(420), and weak (311)/(222) peaks are present. After 5 min, the (311)/(222)
peak disappears, and broadening of the widths of the (220) and the (331)/(420) peaks takes
place over a 30 min period. After 60 min, only the (220) remains but is very weak, indicating
the amorphization of the sample. When the temperature was held at 600 ◦C, figure 2(b), the
sample almost became amorphous from the start of the period, and only the weak (220) peak is
observable. After 60 min, this peak also disappears and the amorphization has been completed.
The diffraction patterns after 30 min at 600 ◦C are similar to that for 700 ◦C under 12.5 GPa.

During the time-resolved measurements a continuous decrease of the lattice parameter of
residual fcc phase was observed both at 12.5 and 14.3 GPa (figure 3). This indicates that the
distance between the C60 molecules is shortened significantly while the pressure and temper-
ature were held constant. The amount of the decrease becomes larger when the investigation
temperature is raised. At 14.3 GPa, the decrease is essentially completed within the first 30 min.

The scratch tests revealed that products harder than SiC were obtained over the range 500–
650 ◦C (12.5 GPa) and from 400 ◦C (14.3 GPa). The product retrieved from 600 ◦C at 14.3 GPa
was partly harder than WC. These P, T -conditions overlap the range where the cage structure
of the C60 molecule is broken and amorphization occurs, as studied by x-ray diffraction and
Raman scattering measurements. Our analysis showed that the lattice parameter in the range
of 11.6–12.6 Å is relevant to the hardness of the sample. In order to reach this range of lattice
parameter, heating of the C60 sample beyond 400 ◦C is needed at 12.5 GPa and the lowest
temperature bound is lowered by about 100 ◦C with elevation of pressure to 14.3 GPa.
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Figure 3. Change of the lattice parameter of the residual fcc phase with time at 12.5 and 14.3 GPa.
Symbols to the left of the dashed line represent values at room temperature.
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