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Neutron Measurements of Intramolecular Vibrational Modes in C60
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Neutron-inelastic-scattering measurements have been made on a sample of highly purified solid C60.
New features in the spectrum of intramolecular modes not obtainable by optical spectroscopy have been
identified. Available theoretical calculations show trends in accord with the experimental results but
disagree in important details, and improved calculations are desirable.

PACS numbers: 63.20.Dj, 36.90.+f, 78.90.+t

We report measurements of the internal vibrational
spectrum of the C6p-fullerene molecule in the solid state.
Because neutron scattering is not subject to the selection
rules of infrared (ir) and Raman spectroscopy, we are
able to measure the distribution of all the vibrational
modes of this unique molecule. Taken together with ex-
isting data on the electronic states, ' the new results place
stringent constraints on the theoretical description of ful-
lerene. Theories developed for the intramolecular vibra-
tional energies of isolated C6p molecules apply to the
solid because of weak intermolecular binding. The shape
of the molecule is a truncated icosahedron, with all the
atoms equivalent and sited on the surface of a perfect
sphere. This structure permits 46 distinct vibrational
frequencies for the 174 intramolecular modes, of which
only 4 are ir active and 10 are Raman active. All such
Raman and ir modes have been previously observed.
The combination of neutron, Raman, and ir data off'ers a
comprehensive picture of the vibrational spectrum of C6p
fullerene.

Our measurements have been made possible by recent-
ly developed methods' of producing large amounts of
polycrystalline solid C60 (fullerite). The sample was pro-
duced as follows. A mixture of approximately 85% C6p
and 15% Cjp was obtained by deposition from a contact
arc between two graphite rods in a He atmosphere'' fol-
lowed by Soxhlet extraction with boiling toluene and sol-
vent removal under vacuum. In order to separate the
C6p from this mixture, 50-75-mg batches of the extract
were dissolved in a minimal amount of toluene and chro-
matographed on a slurry-packed 45-cmx 5-cm column of
neutral alumina with 2% toluene in hexane. This gave a
purple band of pure C6p, a mixed band of C6p and C7p,
and an orange band of pure C7p. The mixed band from
each batch was recycled through the column several
times.

Since neutron-scattering experiments are sensitive to
the presence of hydrogenous material, special eff'orts
were made to reduce such contamination to a very low
level. To remove these impurities the sample was placed
in pentane, in which it is essentially insoluble, in a sealed
Bask. The mixture was frozen and rapidly thawed 3
times and the pentane was then decanted. This proce-
dure was repeated twice after which the sample was
dried at 200 C under high vacuum. Subsequent ir mea-
surements revealed a very clean four-line spectrum
characteristic of C6p. Proton NMR measurements indi-
cated about l-at. %-H impurities in the 640-mg sample.
The H content was independently determined by
neutron-absorption prompt-gamma-emission spectrosco-
py' at the Cold Neutron Research Facility at the Na-
tional Institute of Standards and Technology' (NIST)
to be 0.9~0.2 at. %. A neutron-diA'raction measure-
ment gave a pattern in agreement with recent x-ray re-
sults, ' ' showing that the sample was fcc crystalline
C6p.

Neutron-inelastic-scattering measurements were per-
formed using a modified three-axis spectrometer at the
NIST research reactor. ' The incident neutron energy
was step scanned using a crystal monochromator, and
neutrons scattered by the sample to final energies less
than a cutofI energy E, were admitted to a bank of
detectors at fixed scattering angle (approximately 90')
through a liquid-nitrogen-cooled low-pass neutron filter.
In most of the measurements a copper (220) monochro-
mator was used, but a pyrolytic graphite (PG) (002)
monochromator was used at the lowest energies. The
higher-energy-transfer measurements were made with a
polycrystalline beryllium filter for which E,=5 meV,
and the lower-energy-transfer measurements were made
using a combination Be/graphite/Be filter (E,=1.8
mev), which gives higher resolution at the expense of
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considerably lower count rates. Using 60' and 40' Soller
collimators, respectively, before and after the monochro-
mator crystal, the approximate FWHM energy resolu-
tion of the instrument ranged from 5 to 18 meV for the
measurements with the Be filter and from 2 to 3.5 meV
with the combination filter. The sample was held at 10
K within a helium-filled aluminum can using a closed-
cycle He refrigerator. The complete experiment took
about 6 days of beam time.

At each point of a scan, neutrons were counted until a
predetermined number of neutrons had been detected in

a low-efficiency fission monitor located in the incident
beam. Normalized backgrounds, determined from 10-K
empty-container runs, were subtracted from each of the
sample runs. No further data reduction was performed.
Within the one-phonon incoherent approximation the re-
sulting data are essentially proportional' to the ampli-
tude-weighted vibrational density of states of C6p. Cor-
rections for multiphonon scattering and for departures
from the incoherent approximation are unlikely to ma-
terially shift any of the observed peaks or features in the
spectrum.

Figure 1(a) shows low-resolution data which span al-
most the entire range of vibrational energies; note that
(1 meV) =(8.066 cm '). The same data up to 80 meV
are shown in Fig. 2(a) together with higher-resolution
data taken using the combination filter (open symbols).
In Figs. 1(a) and 2(b), ir and Raman lines from Ref. 9
are shown for comparison by up and down arrows, re-
spectively. The lengths of the arrows are proportional to
the degeneracies of the lines; note that the four ir lines
are triply degenerate, two Raman lines are singly degen-
erate, and the remaining Raman lines are fivefold degen-
erate. The higher-resolution neutron peaks at 34 (274),
54 (436), and 61 meV (492 cm ') correspond very well
with peaks in the optical data. The lower-resolution neu-
tron spectrum above 80 me V, which includes many
modes in addition to those that are Raman active or ir
active, cannot be uniquely matched to the optical data.

In general, the distribution of vibrational frequencies
in C6p closely resembles the vibrational density of states
(VDOS) of graphite in that it shows a three-peaked
structure between 40 and 120 meV together with a broad
feature between 140 and 200 meV. ' ' In contrast the
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FIG. 1. (a) The neutron-scattering spectrum of C6p, mea-
sured with the Cu(220) monochromator and Be fiIter. The or-
dinate is proportional to the number of counts normalized to
the monitor detector (see text). The line through the points is
a guide to the eye. The upward- and downward-pointing ar-
rows represent ir-active and Raman-active modes, respectively,
as measured by Bethune et a!. (Ref. 9); the lengths of the ar-
rows are proportional to the degeneracies of the lines. (b) Cal-
culated vibrational frequencies for C60, according to Wang et
a!. (WXCH) (Ref. 4), Stanton and Newton (SN) (Ref. 2),
and Adams et a!. (APS. . .) (Ref. 5). Upward- and
downward-pointing arrows again represent ir-active and
Raman-active modes, respectively. The length of each line or
arrow is proportional to the degeneracy of the frequency.

(b)
BMT. ..

WXCH

APS. ..

60
500 600

I I

20 30 40 50 70 BO
I I I I I

BOO 300 400

Ener gy (rneV, em )

FIG. 2. In the neutron-scattering spectra of (a) different

symbols represent measurements with the indicated filter

(monochromator) combinations. The ordinate is described in

the caption to Fig. 1; the normalizations of the three sets of
data are arbitrary. Lines through points are guides to the eye.
The upward- and downward-pointing arrows at (b) represent
ir-active and Raman-active modes, respectively, measured by
Bethune et a!. (BMT. . . ) (Ref. 9). The calculated lines in (c)
are described in the caption of Fig. 1(b).
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VDOS of diamond has a broad band between 70 and 110
meV and a prominent peak between 140 and 180 meV
with a clear cutoff beyond this latter energy. '

Various quantum-mechanical model calculations of
the vibrational energies for C6o are shown in Fig. 1(b).
Again, up arrows identify ir-active modes and down ar-
rows Raman-active modes. There is a rich structure be-
tween —30 and —120 meV, a sparsely populated region
between —120 and —150 meV, and two dense bands
between —160 and —220 meV. The calculations diAer
significantly in the relative placement of various lines,
notably the ir-active modes and the singly degenerate
Raman-active modes, and in overall scale. None of the
theories agrees in detail with all of the data. The work
of Wang et al. (WXCH) shows somewhat better overall
agreement in scale than that of Stanton and Newton
(SN) or Adams et al. (APS. . .), and comes consider-
ably closer in correctly placing the ir lines. It also has
several lines around 120 meV where there are neutron
peaks. WXCH derive the vibrational frequencies from a
tight-binding model of the electronic band structure,
while SN use the modified neglect of diAerential overlap
method and APS. . . use the quantum molecular-
dynamics method. We have chosen not to show phenom-
enological mass and spring calculations both because the
results of Ref. 8 diAer markedly from the observed data
and because our own such calculations suggest that the
data cannot be satisfactorily described in this way using
a small number of parameters.

We now turn to the high-resolution data between 20
and 80 meV. Figure 2(c) shows the calculated lines; the
lengths of the lines are again proportional to their degen-
eracies. Each of the theories shown in Fig. 2(c) presents
some discrepancies with the neutron and optical data
shown in Figs. 2(a) and 2(b). Looking at the placement
of the ir-active modes and the singly-degenerate A~ Ra-
man mode, we see that the work of WXCH is closest.
Whereas there are differences in the energies of the cal-
culated lines, there is a persistent pattern among the var-
ious theories. The lowest energy line at 34 meV (274
cm '), which is the Raman-active Hg "squashing"
mode, is well separated from the others. The symmetry
of the next five lines has been identified by theory. Using
the pattern emerging from these calculations we tenta-
tively assign the low-energy neutron peaks as follows:
the peak at 44 meV (355 cm ') to a combination of a
F2„(or T3„) and a G„mode; the peak at 50 meV (403
cm ') to a H„mode; the peak at 54 meV (436 cm ')
to a Raman-active Hg mode; and the peak at 61 meV
(492 cm ') to a Gg mode. The optical experiment also
shows a singly degenerate Ag mode at 61 meV, and the
theories diAer widely in the placement of this mode.
Beyond these six lines each calculation presents a dis-
tinct pattern, and the neutron spectrum is insuKciently
resolved to distinguish among them.

In summary, inelastic neutron measurements on fuller-
ite have provided information on additional modes not

observed in optical studies, as well as good overlap with
these studies. A comparison with theory has allowed
identification of a number of new modes. While mod-
erate agreement is observed with current theories,
significant differences exist. In particular, the placement
of the ir lines appears to be rather sensitive to the details
of theoretical models of vibrational energies based on
electronic structure, as does the overall scale of the vi-
brational energies. The present experimental results,
taken together with recent photoemission results ' on
electronic energy spectra, provide stringent constraints
on the quantum-mechanical description of fullerenes.
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