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Rotation-vibrational dynamics of solid C60: A Raman study
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The rotational dynamics of C60 fullerites has been examined by measuring the Raman-active intramolecular
modes at various temperatures. The linewidth of theHg modes increases significantly upon heating from
slightly below ~sc phase! to room temperature~fcc phase!, whereas the broadening of theAg line is much
weaker. We analyze these results considering the appearance of rotational satellite bands of theHg vibrational
lines aboveTc5256 K. We also discuss small additional contributions that may arise from rotation-
vibrational interactions in both the fcc and sc phases of the C60 fullerite. @S0163-1829~99!00743-2#
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The C60 fullerite is an unique molecular crystal in whic
phenomena typical for the isolated molecules coexist w
those responsible for the solid state. It undergoes a first-o
transition from a face-centered~fcc-space group Fm3m! to a
simple cubic~sc-space groupPa3! lattice atTc5256 K.1 In
the high-temperature fcc phase C60 molecules execute quas
free rotations thus exhibiting an almost complete orien
tional disorder.2 In the low-temperature sc phase the C60 ro-
tations are reduced to ‘‘ratchetlike’’ orientational motio
~librational modes! about the @111# directions.3,4 These
modes freeze out upon further cooling and a merohedr
disordered phase is established below 90 K.5

TheHg intramolecular vibrations usually have a relative
narrow linewidth in the Raman spectra of sc-solid C60 that
significantly increases at higher temperatures.6–8 In contrast,
the Raman lines of nondegenerateAg modes only moderately
change their linewidth in going from the sc to the fcc pha
The temperature behavior of the frequency and the linew
of some intramolecular Raman active modes were inve
gated in Refs. 6 and 7. Van Loosdrechtet al.6 suggested tha
the broadening ofHg lines in the fcc phase is due to a stron
rotation-vibrational coupling, without presenting an estim
of these coupling effects. Hrichaet al.7 evaluated the
rotational-diffusion contribution to the linewidth of the C60
intramolecular modes. The model of Ref. 7 assumes no c
pling between rotational motions and the intramolecular
brations. Then the rotational-diffusion processes that ca
the quasielastic peak in inelastic neutron scatter
experiments9 contribute to the line broadening.

In this report, we present results on the broadening of
spectral lines of the Raman-active fundamentals in a60
single crystal with increasing temperature. We analyze
rotation-vibrational coupling effects in the fcc phase of so
C60 and their contribution to the line shape ofHg modes.

A C60 single crystal embedded in an indium plate was fi
cooled down from room temperature to 20 K for 2 h and then
measured on a Dilor multichannel spectrometer at vari
temperatures in the interval 20–305 K. The spectrome
PRB 600163-1829/99/60~19!/13351~4!/$15.00
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slits were set to 3.5 cm21 spectral width and the 5145 Å
line of an Ar1 laser was used for excitation. The laser bea
was focused to a spot of'2 mm in diameter on the crysta
surface using microscope optics. The laser power was k
below 100 mW, and an oxygen exposed sample was used
order to prevent the phototransformation and the influenc
the photoexcited triplet state of C60 on the spectra.10 This
was assured by monitoring the position of the ‘‘pentago
pinch’’ Ag mode at 1469 cm21: no downshift of this mode
was observed throughout the measurements.

The Raman spectra of the C60 crystal are given in Fig. 1.
They manifest a strong temperature dependence of the
man intensity11 and linewidth of the C60 modes. In Fig. 2, we
show the measured linewidths full width at half maximum
the Ag and the six most-intensiveHg vibrations in the spec-
tra. The linewidth ofAg modes is 2 – 4 cm21 and exhibits a
very weak broadening upon heating. At room temperatu
the Hg linewidth reaches 16 cm21 while below the phase
transition it decreases below 4 cm21 ~for the split lines at
low temperatures the width of the most intensive compon
was taken!.

In the fcc phase C60 molecules rotate almost freely. Th
rotational correlation time at room temperature ist'9 ps as
obtained from NMR experiments.12 This value is only three
times longer than the characteristic reorientation time
free-gas molecules.13 Therefore, the plastic fcc phase of th
fullerite can be compared to a gas phase as far as rotati
features are concerned.

The rotational Raman effect is symmetry forbidden f
spherical top molecules with an isotropic ground-state po
izability such as C60. However, in the excited vibrationa
states it can be activated.14 When the vibration is Raman
allowed, it appears in spectra as a central peak with
rotational bands~O and S branches! on both sides. This is a
well-known case for many spherical top molecules, e
CH4.14–16 The C60 polarizability becomes anisotropic whe
excited in the vibrational states of asymmetricHg modes.
13 351 ©1999 The American Physical Society
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The corresponding vibrational lines should appear in the
man spectra accompanied by rotational satellites. In cont
the spectral lines of totally symmetric vibrations exhibit
rotational structure since the molecular polarizability
mains isotropic throughout the vibrational motion. Th
physical picture is in accordance with the sharp and nar
line shapes of theAg modes observed in our spectra.

Let us now concentrate on the expected rotational
structure of theHg lines. At first we estimate the most popu
lated rotational stateJ5Jmax of the C60 molecule as a func-
tion of temperature. The moment of inertia of a C60 molecule
is I 51.10243 kg m2 provided one assumes that the molec
is a hollow sphere with a mass distributed over its surfa
Because of the largeI the rotational energy constant is e
tremely small:B5\2/2I 52.78.1023 cm21. This allows the
rotational spectrum to be regarded as quasicontinuous.
rotational energy of C60 is given by:

Er
c5

I v̄2

2
and Er

q~J!5BJ~J11!, ~1!

in the classical and the quantum-mechanical limits, resp
tively. From Er

c5Er
q(Jmax) one obtains a direct relation be

tweenJmax and the reorientational correlation timet by us-
ing the general expression for the mean angular velocityv̄
51/t. Jmax of the C60 molecule can thus be expressed a
function of the temperatureT

Jmax'
I

\t~T!
. ~2!

FIG. 1. The Raman spectra of a C60 single crystal at five tem-
peratures.
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In Table I, we present theJmax values from Eq.~2! using the
NMR data for the reorientational correlation timet in C60
fullerites at different temperatures.12

In order to obtain a quantitative estimate of the para
eters describing the C60 rotation we now calculateJmax for a
free rotating molecule. For this purpose, one can use
thermal distribution function for the population of the rot
tional levels of a spherical top molecule14,17

NJ5N~2J11!2 exp@2BJ~J11!/kBT#, ~3!

where N is a normalization factor andkB the Boltzmann
constant. From]NJ /]J50 we calculatedJmax for several
temperatures in the fcc phase relevant for the measurem
in Ref. 12. TheJmax values determined from Eq.~3! ~see
Table I! are about twice as large as those from the exp
ment@Eq. ~2!#. This indicates that the rotational diffusion i
the fcc phase still exhibits some effects of intermolecu

FIG. 2. The Raman linewidths of theAg modes and the mos
intensiveHg modes of a C60 single crystal as a function of the
temperature.

TABLE I. Most-populated C60 rotational levelsJmax given for
various temperatures as obtained from Eq.~2! and experimental
data of Ref. 12, and calculated from Eq.~3!.

T(K) Jmax @Eq. ~2! and Ref. 12# Jmax @Eq. ~3!#

312 128 278
297 114 272
283 104 265
267 86 257
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correlation that influence the population of the levels. Ho
ever, with increasing temperature theJmax values for C60
rotation in the solid state approach those for free rotation
the gas phase.

The Jmax values correspond to the most intensive Sto
and anti-Stokes components of the rotational Raman ba
Given the selection ruleDJ562,14 their position with re-
spect to the vibrational line is

DEr~S2branch!54B~Jmax13/2!,

DEr~O2branch!54B~Jmax21/2!. ~4!

The temperature dependence of this rotational Raman
as obtained from Eqs.~2! and~4! is given in Fig. 3. It should
increase exponentially withT in accordance with the Arrhen
ius behavior found for the rotational correlation timet in
Ref. 12. The separation of neighboring rotational lines
small: 4B50.011 cm21. Therefore, in a standard exper
ment one should observe a single broad line shape for
satellite. From Eq.~3!, we can obtain the full width at hal
maximum DG of a rotational satellite band, defined a
(JDG

(2)2JDG
(1))4B, whereJDG

(1) andJDG
(2) are given by the condi-

tion NJDG
5NJmax

/2. Using Jmax5278 at 312 K~Table I!,

one finds thatJDG
(1)5133 andJDG

(2)5453 approximately deter
mine DG53.5 cm21. Therefore, the presence of rotation
satellites may lead to an effective broadening of the cen
vibrational line by'7 cm21 with a behavior that follows
the temperature dependence ofJmax. From a comparison o
this value with theHg linewidths in Fig. 2, it follows that
rotational satellites can contribute significantly to vibration
line shapes.

An effect that is expected from the rotation-vibration
interaction is the Coriolis splitting of rotational leve
coupled to the degenerateHg modes.14 The splitting can be
estimated from expectation values of the first-order Corio
term ĤC52Bz Ĵ•L̂ in the rotation-vibrational
Hamiltonian17–19

^Ĥrot2v ib&5Ev ib1BJ~J11!22Bz^Ĵ•L̂&, ~5!

FIG. 3. The rotational Raman shift calculated using the d
given in Fig. 4 of Ref. 12.
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whereEv ib is the energy of a pure vibration,z are the Cori-
olis coupling constants andL̂ is the angular momentum o
the vibrational mode. The rotational-vibration coupling spl
the 2(L52)1155 orbitally degenerateHg mode vibra-
tional level into five levels that can combine with theJth
rotational level in the following way:

^ĤC&526Bz22Bz~2J21! for J2L5J22;

^ĤC&526Bz22Bz~J11! for J2L5J21;

^ĤC&526Bz for J2L5J;

^ĤC&526Bz12Bz~J21! for J2L5J11;

^ĤC&526Bz12Bz~2J13! for J2L5J12.

The coupling constantsz of C60 have only been calculate
for the T1u modes and found to be negative.17 However, for
the Hg( i ) modes one may assume that the average cons
is uzHg( i )u'0.1 using the sum rule that( i 51

8 uzHg( i )u must be

of order one.14,19 Thus the overall splitting of theJmax
5278 level~at 312 K! is 8BuzHg( i )uJmax'0.6 cm21 and that

of the JDG
(2)5453 level is'1 cm21. This could cause an

additional effective broadening of the whole rotational sat
lite band of'1 cm21.

So far, we have considered the asymmetric Raman mo
in the fcc phase (Th crystal symmetry! to be fivefold degen-
erate, that is, ofHg symmetry, as is the case for an isolat
C60 molecule (I h). This is somewhat in contrast to the fa
that the crystal field withTh symmetry splits theHg modes
according toHg→Eg1Tg .11,20 However, the chaotic rota
tions of C60 in the fcc phase partly smear out the crystal-fie
effect11 and make the above analysis to some extent ap
cable. A recent high-resolution Raman study of Horoy
et al.21 has revealed a doublet structure of some of theHg
lines above 260 K with line splitting varying from 2 t
6 cm21. However, at least half of theHg lines remain non-
split in the fcc phase in spite of the high resolution
0.1 cm21 used in Ref. 21. We note that unresolved splitti
could mimic a line broadening, and therefore, this ca
should be analyzed as well. It is interesting that once split
the crystal field, theEg and Tg vibrations originating from
the sameHg mode may couple to each other via Corio
interaction involving rotations becauseEg^ Tg contains the
Tg rotation.14 The coupling introduces a mutual repulsio
between theJth components of theEg and Tg rotation-
vibrational energy levels22

dvE,T
J 5

B2zE,T
2 J~J11!

uvEg
2vTg

u
, ~6!

wherevEg
andvTg

are the vibrational frequencies andzE,T a

coupling constant. A crude estimate givesdvE,T
Jmax

'0.1 cm21 for the frequency shift at room temperature
the rotational satellite maximum, provided bothzE,T51 and
vEg

2vTg
51 cm21. Therefore, the effect is again weak an

alone cannot account for the nonuniform splitting observ
in Ref. 21.
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A small contribution to theHg linewidths in the fcc phase
is also expected to come from the phonon renormaliza
due to the anharmonic coupling to the vibrational states a
to some extent, from the inhomogeneous broadening.7

In the sc phase just belowTc5256 K theHg lines are
still a little broadened as compared to their low-tempera
linewidths. In going from the fcc to sc phase the quasic
tinuous rotational excitations transform into discrete lib
tional modes.8 This largely cancels the rotational satell
effects and the rotation-vibrational coupling. The interact
of the phonons with the librational modes then becomes
main process determining the phonon lifetime.

In summary, we have examined by means of Raman s
tering the influence of the rotational dynamics on the
tramolecular modes in solid C60. The appearance of rota
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tional satellites around the asymmetric vibrational lin
along with a nonresolved vibrational splitting are the mo
likely mechanisms for theHg line broadening in the fcc
phase. Rotation-vibrational coupling effects in C60 are gen-
erally weak because the rotational energy scale for this m
ecule is set up by the extremely small constantB. However,
these effects may contribute to the vibrational line shape
linewidth in cumulative manner. In addition to these effec
rotational diffusion leads to a line broadening of 1–2 cm21.7
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