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Intercalation of C60 single crystals with helium was studied by powder x-ray
diffractometry. It was established that the intercalation is a two-stage process, octahedral
cavities are filled first and then tetrahedral ones, the chemical pressure being negative during
both stages. For the first time low-temperature (5 K) photoluminescence spectra of helium-intercalated fullerite C60 were studied. The presence of helium in lattice voids was shown to reduce that part of the luminescent intensity which is due to the emission of covalently bound
pairs of C60 molecules, the so-called «deep traps» with the 0–0 transition energy close to
1.69 eV. The mechanism of the effect of the intercalation with helium on the pair formation in
fullerite C60 is discussed.
PACS: 61.48.+c, 61.66.–f, 71.35.Aa, 78.55.–m

The C60 fullerite has attracted attention during
the last years owing to its unusual properties, such
as unique optical and photoelectrical phenomena
[1] and magnetism [2]. The high symmetry of the
C60 molecule determines the geometric and electronic structure of its electronic excited states. Although C60 is a typical representative of p-electron
systems and exhibit electronic properties inherent in
these systems, the (quasi)degeneration of the lowest
excited states and symmetry forbidden transitions
between these states and the ground state, and the
peculiarities of the low-temperature crystal structure are factors that contribute to the unusual
low-temperature luminescence of fullerite [3,4].
Despite the large number of publications about
the low-temperature luminescence spectra of C60,
the mechanisms that form these spectra are still far
from clear. As it was recently shown, the low-tem©

perature photoluminescence spectrum of the fullerite C60 is determined by a set of emission centers
of different origin, such as Frenkel—Davydov excitons [3,4], charge transfer excitons [5], structural
defects [3,4,6,7], as well as pairs or chains of molecules that play the role of deep exciton traps, typical of the fullerites C60 and C70 [3,8–10].
In order to further investigate photoluminescence centers in the low-temperature phase of C60
we measured photoluminescence spectra of fullerite
C60 saturated with helium (which has an effective
atomic radius of 0.93 Å), which can presumably
[11,12] bind to separate molecules in the crystal lattice of C60. In crystalline C60 there are two tetrahedral cavities and one octahedral cavity per fullerene
molecule; the mean diameters of which are respectively 2.2 and 4.2 Å [13,14]. This allows the
straightforward preparation of fullerite-based sub-
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stitutional solutions over a wide range of dopant
concentrations. Surprisingly, given the ever growing number of publications in this field, no general
review is yet available. For some types of impurities
(for instance, alkali metals), there is a more or less
generally accepted physical viewpoint concerning
the effects brought about by the impurities, while
the others (for instance, rare gases or simple linear
molecules), such a unified concept is still to be
worked out. Among the rare gas intercalants the effects of saturation of C60 with helium have been the
least studied [11,12]. It is perhaps surprising that
elevated pressures are not required to reach high helium concentrations in Ñ60, though it is quite reasonable to expect that saturation kinetics as well as
the consequences of intercalation will bear much
similarity with results for other small-size intercalant species.
In the first stage of this work we studied the kinetics of saturation of fullerite C60 with He at room
5
temperature and at pressures close to 10 Pa. For
structure and luminescence investigations we used
C60 single crystals from the same batch, the preparation procedure has been reported earlier [15].
Evolution of the intercalation process was monitored by means of powder x-ray diffraction (diffractometer DRON-3); the lattice parameters and
other structure characteristics (reflection intensities
and halfwidths) were measured at particular time
intervals during a long lasting experiment at room
temperature, with excursions to low (down to 20 K)
temperatures. A detailed description of these structure experiments will be reported in a separate publication. The conclusions about the distribution and
saturation level drawn from the structure experiments were used for the interpretation of subsequent optical measurements.
The room-temperature cubic lattice parameter a
as a function of the exposure time of the uninterrupted intercalation process is plotted in Fig. 1.
Noteworthy is the rather fast increase of a during
the initial 25–30 h of intercalation, which then converted to a much slower gradual increase with distinct indications of a tendency to saturate only after
4000 h of exposure to helium atmosphere. The
half-width of all reflections has a maximum approximately in the same region where the saturation
regime changeover was documented for the a(t) dependence.
This temporal behavior of the structure characteristics allows us to tentatively reconstruct the scenario of helium penetration into the sample. During
the first stage, octahedral cavities are filled, which
are larger in size and have much wider passes in bet-
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Fig. 1. Variations of the cubic lattice parameter a of
fullerite C60 versus the time of exposure to helium atmosphere at a pressure of around 105 Pa and a temperature of 295 K.

ween, as compared to tetrahedral cavities. A characteristic feature of the beginning of stage 1 is an
inhomogeneous distribution of helium over the sample (helium diffuses from the sample surface inward), which manifests itself through a substantial
broadening of the reflections. As the He concentration gets more homogeneous, the half-width is restored to a value that differs little from that in pure
starting fullerite. After that, a much slower filling
of tetrahedral vacancies begin. Estimates of the typical energies of helium in the respective environments of both vacancy types as well as the relevant
diffusion problem will be published separately. It
should be noted here that, unlike octahedral vacancies, the system of tetrahedral vacancies is filled virtually homogeneously over the whole sample. The
He content can be roughly (to within 5–10%) evaluated by comparing the Bragg reflection intensities
calculated for known He fractions with measured
intensities.
In the next stage of this work we studied effects
of intercalation on low-temperature photoluminescence spectra of fullerite C60. The luminescence measurement technique, as well as the experimental setup have been reported elsewhere [7]. A
minor modification consisted in using a FEU-62(S1)
photomultiplier which enabled us to record photoluminescence spectra down to energies around
1.2 eV. Figure 2 shows photoluminescence spectra,
normalized to integrated intensity, for pure fullerite
and fullerite with helium impurities taken at 5 K, as
well as a difference between the two. This difference spectrum is consistent with the luminescence
spectrum of «type A» [4], which originates at the
so-called deep traps (the 0–0 transition energy being equal to 1.69 eV), formed by a pair or a chain of
C60 molecules [4,8,9]. Thus, we can infer that the
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being the one that favors polymerization. The helium impurity should promote a depletion of
hexagon configurations due to larger lattice parameters in doped crystals and, thereby, inhibit polymerization, which is often initiated by stresses around
dislocations [9]. The only known mechanism of producing covalent bonding in the low-temperature
phase of C60 is polymerization in distorted areas
around dislocations [9,16]. Generally speaking,
since dimerization is hardly possible even in a purely hexagonal state of C60, orientational disorder,
irrespective of its origin, is the necessary condition
for the formation of covalent dimers. The presence
of orientation disorder in the C60 low-temperature
phase is confirmed by the inhomogeneous broadening of the photoluminescence bands, which is removed using site selective excitation [4]. Thus, the
hypothesis that the type-A luminescence spectrum
in the low-temperature phase of fullerite C60 is due
to covalent bonded molecules, is confirmed by our
measurements on C60 intercalated with helium.
In conclusion, based on x-ray measurements we
conclude that ambient-pressure room-temperature
intercalation of C60 with helium is accomplished in
two stages. First, the octahedral voids are comparatively quickly filled, while during the second stage
a much slower filling of tetrahedral vacancies occurs. In this paper we show for the first time that intercalation of C60 fullerite with helium gas leads to
an intercalated material that displays an appreciably reduced type-A luminescence in the low-temperature phase. This effect is tentatively ascribed to
the hindrance of polymerization owing to a decrease
in hexagon configuration content in helium-intercalated fullerite C60.
Fig. 2. Photoluminescence spectra of fullerite C60 at
5 K under excitation of light with energy 2.84 eV: photoluminescence spectrum of pure C60, normalized to integrated intensity (a); photoluminescence spectrum
(normalized to integrated intensity) of C60 with helium
impurities (time of exposure to helium at atmospheric
pressure and room temperature is 440 h) (b); difference
spectrum obtained by subtracting the upper from lower
ones (c).

helium impurity, which can form a weak chemical
bond with C60 and increase the crystal lattice parameter, hinders the formation of radiation centers
that could be responsible for type-A luminescence.
A possible mechanism of this phenomenon might be
as follows. As shown by Davydov et al. [16], polymerization of C60 in its low-temperature phase is affected by the number ratio of hexagon and pentagon
pair-wise configurations, the hexagon configuration
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