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Eigenvectors of internal vibrations of C60: Theory and experiment
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We have studied the eigenvectors of all internal modes of C60 up to 75 meV by inelastic neutron scattering.
The experimental data are compared in detail with a state-of-the-artab initio theory and a phenomenological
model of the vibrational spectrum of C60, respectively. We demonstrate that the momentum dependence of
mode intensities obtained from measurements on single crystals as well as on powder samples represents a
sensitive fingerprint of the eigenvectors which allows~i! unambiguous assignments of silent modes and~ii !
discrimination of eigenvectors of modes belonging to the same symmetry class. The latter property can be used
for stringent tests of theoretical models. Eigenvectors predicted by theab initio theory are found to be in very
satisfactory agreement with the experimental data, while those obtained from the phenomenological model turn
out to be less reliable. We have also performed measurements to study the dispersion of theHg~1! mode in the
low-temperature phase. We found that the data can be largely, although not fully, understood on the basis of a
simple van der Waals ansatz for the intermolecular interactions.@S0163-1829~97!05934-1#
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I. INTRODUCTION

The discovery of the fullerenes1 and of a method2 for the
production of large quantities of fullerene solids has stim
lated a great deal of experimental and theoretical stud
Within the fullerene family C60 keeps a prominent positio
primarily for the high symmetry of the C60 molecule which
greatly facilitates theoretical computations and the interp
tation of experimental data, but also because it is the o
fullerene which can be grown in the form of large and nea
perfect single crystals. So C60 appears as an ideal testin
ground for our understanding of the intramolecular bind
forces and of their modification when C60 molecules form a
solid. Indeed, numerous investigations have been devote
the vibrational spectrum of the isolated C60 molecule or of
the corresponding molecular solid. On the theoretical s
the studies are based on eitherab initio3–10 or semiempirical
methods11,12 or phenomenological models.13–15 On the ex-
perimental side, several techniques have been used to
acterize the vibrational properties, including Ram
spectroscopy,16–21 infrared spectroscopy,16,22–24 high-
resolution electron-energy-loss spectroscopy,25 and inelastic
neutron scattering.26–30 In general, the agreement betwe
calculated and observed frequencies was found to be
satisfactory or even excellent.

The good agreement between theory and experimen
true, of course, only if the assignment of the experimenta
observed modes is correct and if the calculated displacem
pattern is borne out by experiment. For the assignment p
lem optical spectroscopy was of great help as selection r
allow one to assign a certain frequency to a certain symm
class of the eigenmodes. There are, however, more s
modes~32! than infrared-~4! or Raman-~10! active modes,
so that optical spectroscopy can only partly solve the pr
lem. In principle, inelastic neutron scattering allows one
unambiguously assign all the modes, but has so far not b
560163-1829/97/56~10!/5925~12!/$10.00
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used to this end, presumably for the following reaso
firstly, the determination of eigenvectors is traditiona
based on single-crystal samples, but the available C60 crys-
tals were too small for inelastic neutron-scattering expe
ments, and secondly, assignment of the modes requires
separation in energy which is difficult if not impossible
achieve for many of the C60 modes with present-day neutro
spectrometers. In this paper, we demonstrate that inela
neutron scattering is indeed a powerful tool for the eige
mode assignment at least for the lower part of the vibratio
spectrum, where the necessary energy resolution can
achieved today. Our study benefited very much from rec
progress in crystal growth, but as we will show more cou
have been done already with powder samples and u
spectrometers with moderate resolution, provided meas
ments are made for many different momentum transfers.

A correct assignment means a correct labeling of exp
mental frequencies as thei th frequency of a certain symme
try class, e.g.,T1u . Without solving the assignment problem
no meaningful comparison can be made between obse
and calculated frequencies as it is well known that theo
may be built which reproduce perfectly all experimental fr
quencies albeit many assignments are wrong. However, e
if all assignments are made correctly there remains a p
lem: the displacement pattern of a mode belonging to a s
metry class with more than one member~which is the case
for all but one of the C60 modes! is not determined by sym
metry alone. Therefore, a good agreement between ca
lated and observed frequencies can be seen as satisfa
only in the case where the calculated displacement patte
confirmed by experiment, too. Further we note that prop
ties like the electron-phonon coupling strength directly d
pend on the mode eigenvectors, so that eigenvectors ar
important input for theories aiming at a description of the
quantities.31

Unfortunately, it is practically impossible to directly infe
5925 © 1997 The American Physical Society
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the eigenvectors from the experimental data. Therefore
the present paper, we adopt the strategy to check theo
cally predicted eigenvectors by investigating the moment
dependence of the intensity in great detail. As will be show
this momentum dependence is a very prominent fingerp
of a mode: it does not only allow one to unambiguou
identify its symmetry class, but it provides also a sensit
test how well the eigenvectors are quantitatively predicted
theory. This is already true for data taken on powd
samples, although to a lesser extent than for single cry
data.

For our comparison between theory and experiment
have chosen on the one hand anab initio theory,10 and on the
other hand a phenomenological one.13 We think that both
theories are state of the art and are therefore representati
other theories of the same kind. We find that the two theo
investigated differ not only in their agreement between c
culated and observed frequencies, but also in their agreem
between calculated and observed intensities. In other wo
eigenvectors are predicted with uneven reliability.

When C60 molecules form a solid the intermolecular in
teraction modifies the spectrum of the internal vibratio
degeneracies are lifted and the modes show dispersion
elastic neutron scattering is, in principle, able to shed li
also on these modifications. In practice, however, any
tempt to unravel dispersion curves seems hopeless for al
the lowest internal mode@Hg~1!#. It turned out that even an
investigation of the dispersion of theHg~1!-related modes is
extremely difficult and we could extract only summary info
mation on this issue from this study.

Our paper is organized as follows: In Sec. II we derive
formulas needed to calculate the quantities observed in
periment. In Sec. III we give a brief survey of the expe
mental methods used in our study. In Sec. IV we mak
detailed comparison between experimental and theore
results, and Sec. V is devoted to the conclusions.

II. THEORY

A. Calculations of intramolecular modes

Because of its high icosahedral symmetry, the 174 in
nal vibrations of an isolated C60 molecule are grouped into
46 distinct modes. They consist of ten Raman-active~two Ag
and eight Hg), four infrared-active (T1u), and 32 silent
modes, with excitation energies ranging from 33 to 195 m
~270 to 1580 cm21). Due to the strong covalent bonds b
tween carbon atoms on the molecule, vibrations with p
dominant tangential displacements of the atoms are expe
to possess higher energies, while the low-energy part of
spectrum will consist mainly of radial modes. In Fig. 1 w
show displacement patterns of modes which are of releva
for our analysis.

In recent years, a large variety of theoretical metho
have been applied to the calculation of the internal mode
C60. They can be classified asab initio methods, semiempir
ical methods, and phenomenological approaches. For
purpose of comparison with our experimental data, we h
chosen two theories from both ends of this spectrum, nam
an ab initio theory, which is parameter free, and a pheno
enological model, which uses parameters determined by
to experimental data.
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The various first-principles methods applied to our pro
lem are all based on the local-density approximation,
differ from each other by the computational scheme to
tract phonon frequencies. Among these methods,ab initio
molecular-dynamics simulations3,4 are usually of relatively
low accuracy. Calculations of the internal modes of an i
lated C60 cluster have been carried out by Wanget al.5 and
Quonget al.6 within all-electron schemes, and by Faulhab
et al.7 and Joneset al.8 using pseudopotential approache
respectively. For the C60 solid, a density-functional pertur
bation approach has been applied by Giannozzi and Baro9

whereas Bohnenet al.10 used a frozen-phonon method. Fr
quencies predicted from these theories are summarize
Table I, and compared with the results of our experimen

FIG. 1. Displacement patterns for five different eigenmodes
the C60 molecule. The elongations are strongly exaggerated for
sake of clarity. The left-hand and the right-hand figures corresp
to extremal distortions following each other at time intervals 1/2n.
Eigenvectors are taken from theab initio calculation of Bohnen
et al. ~Ref. 10!.
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56 5927EIGENVECTORS OF INTERNAL VIBRATIONS OF . . .
TABLE I. Frequencies~in cm21) for internal modes of C60 up to 600 cm21 ~75 meV!. Values obtained in the present experimental wo
agree very well with those published by Copleyet al. ~Ref. 30! and, after suitable modifications of assignments, with those from Coul
beauet al. ~Ref. 28!. They are compared withab initio theories of Bohnenet al. ~Ref. 10!, Wanget al. ~Ref. 5!, Quonget al. ~Ref. 6!,
Giannozzi and Baroni~Ref. 9!, Joneset al. ~Ref. 8!, and Faulhaberet al. ~Ref. 7!, and with phenomenological models of Jishiet al. ~Ref.
13!, Feldmanet al. ~Ref. 14!, and Onida and Benedek~Ref. 15!. Raman- and infrared-active modes are denoted by R and IR, respect
The last line shows the root-mean-square relative deviations of each model with respect to all 14 optically active modes~experimental data
from Refs. 18 and 22!.

Mode Experiment Ab initio Phenomenology
This work Ref. 28 Ref. 30 Ref. 10 Ref. 5 Ref. 6 Ref. 9 Ref. 8 Ref. 7 Ref. 13 Ref. 14 Ref.

Hg~1! ~R! 265 264 266 263 263 258 259 288 249 269 268 265
T2u~1! 343 344 344 343 344 342 337 363 367 377 355
Gu~1! 350 355 352 348 356 356 349 374 385 346 330
Hu~1! 399 404 402 388 396 404 399 303 361 387 417
Hg~2! ~R! 431 432 429 422 432 439 425 437 421 439 438 408
Gg~1! 482 488 485 480 484 486 480 454 498 449 430
Ag~1! ~R! 493 488 490 481 483 478 495 582 459 492 483 496
T1u~1! ~IR! 528 526 526 514 533 547 527 614 506 505 547 527
Hu~2! 535 536 534 527 534 539 530 510 543 521 488
T2g~1! 553 563 553 543 550 547 548 514 541 573 640
T1g~1! 563 563 565 563 566 580 564 661 501 584 568
T1u~2! ~IR! 576 576 578 569 548 570 586 647 550 589 578 586
Gg~2! 570 576 569 570 564 571 566 517 626 612 660

rms ~%! 2.1 2.6 2.0 2.0 8.6 4.6 1.8 3.8 3.0
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investigation as discussed in Sec. IV. Only values for the
modes with energies less than 75 meV are shown in Tab
as this was the energy range accessible in our experim
Generally, all-electron cluster and bulk approaches pre
very similar frequencies, which agree well with experimen
data, whereas results from cluster calculations based on
pseudopotential approximation exhibit larger deviatio
This tendency is also found in the root-mean-square~rms!
deviation of all calculated optical frequencies from valu
obtained in Raman18 and IR ~Ref. 22! studies~see Table I!,
which provides a measure for the average accuracy ove
whole energy range of the vibrational spectrum.

Table I also contains results from three phenomenolog
calculations of the vibrational spectrum of a C60 cluster. Jishi
et al.13 employed a parametrization of the intramolecular
teraction by a short-range force field with four longitudin
bond-stretching and four bond-angle-bending force c
stants. A seven parameter valence-force-field model inc
ing three- and four-body terms has been used by Feld
et al.,14 while Onida and Benedek15 applied a bond-charge
model with only four adjustable parameters. All three calc
lations have incorporated experimental information ab
optical frequencies in their fit procedure to determine
adjustable parameters. This has considerably improved
accuracy of the predicted frequencies as compared to ea
approaches, which had to rely on parameters transfered
other materials11 or extracted from quantum-chemic
calculations.12 As can been seen from Table I, the fit proc
dure usually results in a satisfactory description of the opt
frequencies, but significant differences for the silent mo
remain.

For our data analysis, we have used the results of Boh
et al.10 and the force-constant model of Jishiet al.13 as rep-
resentatives of theab initio and of the phenomenologica
3
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approach, respectively. Both theories have a similar accu
with respect to the optical modes, but exhibit noticeable d
crepancies for the silent modes, which partly affect the p
dicted order of the modes as a function of frequency.

B. Neutron-scattering cross section in the independent molecule
approximation

In the solid, the interaction between C60 molecules is
small compared to the on-ball interaction, and evokes o
small dispersions of internal modes. As a consequence,
sum of the neutron-scattering intensities of phonons belo
ing to the same mode of the isolated molecule should be w
described within the independent molecule approximati
where the intermolecular interaction is totally neglected.

Here we briefly summarize the relevant expressions
the scattering intensity of a dispersionless mode of a mole
lar crystal. The appropriate starting point for a coherent sc
terer like carbon is the one-phonon coherent partial differ
tial cross section, which in the case of energy-loss scatte
has the form32

d2s

dVdE
5

kf

ki

p2sc

v0M

11n~v!

v (
G

(
ql

d~Q2q2G!

3d~v2vql!uFql~Q!u2. ~1!

Here,ki ,kf are initial and final momenta of the neutron,Q
5k i2k f is the momentum transfer to the sample,v0 is the
volume of the unit cell,sc is the coherent scattering cros
section per atom,M is the mass of an atom, andn(v) is the
Bose factor. The summations are performed over
reciprocal-lattice vectorsG and all normal modes (ql), with
wave vectorq and frequencyvql . The scattering intensity
of a normal mode is determined by the structure factor
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5928 56R. HEID, L. PINTSCHOVIUS, AND J. M. GODARD
Fql~Q!5(
m

e2Wm~Q!e2 iQRmQvm~ql!, ~2!

wherem labels atoms within a unit cell,Rm is the equilib-
rium position vector, and exp@2Wm(Q)# the Debye-Waller
factor of atomm. vm(ql) denotes the eigenvector of th
normal mode.

We now consider the situation where the unit-cell co
tains NM C60 molecules whose centers are situated atRm ,
m51•••NM . If the orientation of each molecule is describ
by a rotation matrixDm with respect to a reference orient
tion, the position vector of an atom is given by

Rm5Rm1DmRk
~0! , ~3!

whereRk
(0) , k51•••60 are the corresponding position ve

tors of the carbon atoms of a single C60 molecule in the
reference orientation.

When the interactions between molecular units are v
weak, their influence on the internal vibrations may be
glected. Each normal moden of an isolated molecule with
frequencyvn and eigenvectorvk

(0)(n) in the reference orien
tation gives rise toNM dispersionless phonon branche
l5nm , with eigenvectorsvm8k(nm)5dm,m8Dmvk

(0) . Be-
cause frequencies and eigenvectors of internal vibrations
independent ofq, the momentum summation in Eq.~1! can
be carried out easily. We further make the simplifying a
sumption that the Debye-Waller factor is isotropic and is
same for all atoms~we note that the Debye-Waller factor wa
close to unity in our case, as the experiments were car
out at very low temperatures, so that our simplifying a
sumptions for the Debye-Waller factor are of very little i
fluence on the calculated results!. The scattering cross sec
tion can then be written as a sum of contributions fro
different molecules:

d2s

dVdE
5

kf

ki

p2sc

v0M

11n~v!

v
e22W~Q!Q2

3(
n

d~v2vn!(
m

Sn~Dm
21Q!. ~4!

Coherence effects manifest themselves in

Sn~Q!5U(
k

Q̂vk
~0!~n!e2 iQRk

~0!U2

, ~5!

whereQ̂ denotes the unit vector in the direction ofQ. Al-
though coherence effects due to scattering off atoms belo
ing to different molecules are ignored in this approximatio
Eq. ~4! still contains information about the orientational o
der of the molecules, because the contribution from a m
ecule depends on its orientation with respect to the scatte
momentumQ.

For comparison with measurements on polycrystall
samples, Eq.~4! has to be averaged over all directions ofQ.
One obtains for the powder-averaged partial differen
cross section
-
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S d2s

dVdED5
kf

ki

p2sc

v0M

11n~v!

v
e22W~Q!Q2

3(
n

d~v2vn!NMSn~Q! ~6!

with

Sn~Q!5E dVQ

4p
Sn~Q!5

1

3
1 (

kÞk8
$vk

~0!~n!vk8
~0!

~n! f 1~xkk8!

1~vk
~0!~n!R̂kk8!~vk8

~0!
~n!R̂kk8! f 2~xkk8!%. ~7!

Here, Rkk85Rk2Rk8, R̂kk85Rkk8 /uRkk8u, and xkk8
5uQuuRkk8u. TheQ dependence is contained in the structu
functions f 1 and f 2, which can be expressed in terms
spherical Bessel functions asf 1(x)5 j 1(x)/x5(sinx
2xcosx)/x3 and f 2(x)52 j 2(x)5@(x223)sinx13xcosx#/x3.
They still incorporate effects due to coherent scatter
within a single molecule, but do not depend any more on
relative orientation of the C60 molecules.

C. Modeling of the H g„1… dispersion

For our investigation of theHg~1! dispersion, we require a
reliable model of the intermolecular interaction. Until now
no ab initio calculation is available, but several phenomen
logical models have been proposed.33,34 They are based on
atom-atom potentials and usually consist of a van der Wa
~vdW! interaction~mostly described by a Lennard-Jones p
tential! and secondary interactions, which are most of
modeled by Coulomb interactions between point char
placed on the C-C bonds or on the atom sites. The secon
interactions are needed to accurately describe the orienta
dependent part of the intermolecular interaction, and
known to strongly affect the librational spectrum. On t
other hand, it has only a marginal influence on exter
modes with translational character, which are predomina
determined by the radial dependent part of the interactio

As will be demonstrated in Sec. IV, the main experime
tal findings concerning theHg~1! dispersion can be alread
well accounted for by a less sophisticated model for the
termolecular interaction, which consists of a combination
the force-constant model of Jishiet al. and the Lennard-
Jones potential proposed by Luet al.34 ~with parameters
e52.8486 meV ands53.407 Å!. Figure 2 shows the disper
sion of the formerly fivefold degenerateHg~1! manifold as
obtained for a fully orderedPa3 phase, where all the mol
ecules sit in the ground-state~‘‘pentagon’’! orientation with
rotation angle 100° away from the standard orientati
Structure factors discussed in Sec. IV have been calcul
on the basis of Eq.~1!.

There are two arguments which justify our simplified a
proach:~i! as will be shown below, the eigenvectors of th
Hg~1! mode as predicted by the phenomenological model
practically identical to those obtained in theab initio calcu-
lation. ~ii ! apart from a scale factor, our calculated dispers
curves of theHg~1! manifold has a very similar shape a
those obtained by Yu et al. and Pintschovius and
Chaplot,35,36 who used a combined vdW and Coulomb p
tential with charges sitting on the bonds. Within our mod
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56 5929EIGENVECTORS OF INTERNAL VIBRATIONS OF . . .
the same topology of the dispersion curves is also found
a fully ordered hexagon phase (Pa3 rotation angle 40°!.
These similarities suggest that the main features of theHg~1!
dispersion are determined by the vdW interaction alo
whereas details of the angle-dependent interaction as we
the orientation of the molecules have only a small influen

III. EXPERIMENTAL METHODS

Experiments were performed both on a powder sam
and on a single crystal. The powder sample consisted
three grams of fine grained C60 ~purchased from the Hoechs
Company, super gold grade!, compacted to pellets of 5 mm
height and 12 mm diameter which were encapsulated in
aluminum container. In order to reduce the amount of m
tiple scattering the pellets were separated from each othe
Gd discs.

The single crystal was grown from the vapor phase a
had a volume of 0.1 cm3 (m50.227 g!. Details of the crystal
growth procedure are described elsewhere.37 The crystal was
nearly single domain: additional domains were found to h
a volume of not more than;0.1%. The sample was mounte
with an 110-axis vertical.

The experiments were performed on the 2T-triple-a
spectrometer located at the ORPHEE reactor of the LLB
Saclay. Horizontally and vertically focusing crystals we
used as monochromator and analyzer. For the measurem
on the powder sample a Cu220 crystal was used as m
chromator giving an energy resolution ofDE/E52.4 to
3.5% in the energy rangeE0548–85 meV. For the sake of
higher intensity a Cu111 crystal was used as monochrom
for the measurements on the single crystal giving an ene
resolution DE/E53.4 to 4% in the energy range 48–6
meV. A PG002 crystal was used as analyzer in all ca
Most measurements were performed with a final ene
EF513.4 meV and a PG filter placed in the scattered be
to suppress higher-order contaminations. In order to m
mize contributions from multiphonon scattering and to mi
mize the effect of the Debye-Waller factor all experimen
were carried out at the lowest temperature accessible
our closed-cycle refrigerator, i.e.,T512 K.

FIG. 2. Dispersion ofHg~1!-related modes as calculated from
model with the ansatz of Jishiet al. ~Ref. 13! for the intramolecular
interactions and the vdW potential taken from Ref. 34 for the int
molecular interactions. The structure was assumed to be fully
dered with all the molecules being in the pentagon orientation.
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IV. RESULTS AND ANALYSIS

A. H g„1… mode

1. Powder sample

The momentum dependence of the intensity of the
meV peak observed on the powder sample is plotted in F
3. The data were corrected for background scattering as
terpolated from the scattering atE530 meV andE536
meV, respectively. In addition, a constant amount of 10
units of Fig. 3 was subtracted from all observed values
account for multiple-scattering events. As was mentioned
Sec. III, the sample had been sectioned to reduce multi
scattering contributions. However, estimates showed that
precaution was not sufficient to reduce multiple-scatter
contributions to negligible levels, and that further attempts
substantially reduce multiple-scattering contributions wo
lead to very low counting rates. As a consequence, we ha
resort to a correction procedure. In principle, multipl
scattering contributions can be computed by a Monte Ca
technique but it would have required a large computatio
effort to model the multiple-scattering events for the act
sample geometry with sufficient accuracy. Therefore,
adopted the simplified procedure mentioned above guided
the idea that multiple scattering will certainly not sho
much, if anyQ dependence. The extent of the correction w
chosen so as to make the data shown in Fig. 3 and wi
corresponding correction the data shown in Fig. 11 follo
the generalQ2 behavior. The multiple-scattering contribu
tions determined by this manner are fully in line with wh
was expected from calculations using a simplified geome
The scaling factor was determined by a fit to the da
whereby we aimed at simultaneously describing the data
the Hg~1! mode and those for other modes depicted in F
11.

-
r-

FIG. 3. Background and multiple-scattering-corrected scatte
intensity atE533 meV versus momentum transfer as observed o
powder sample atT512 K. The heavy and light full lines corre
spond to the prediction of theab initio theory ~Ref. 10! for the
Hg~1! and theHg~2! mode, respectively, with the scaling as th
only parameter. The dashed line shows the corresponding pre
tion of the force-constant model~Ref. 13! for Hg~1! mode. The
dotted line illustrates the simpleQ2 behavior. In the calculations
allowance was made for the Debye-Waller factor deduced from
vibrational spectrum, i.e., 2W5Q20.004 Å2.
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5930 56R. HEID, L. PINTSCHOVIUS, AND J. M. GODARD
Figure 3 demonstrates that the scattering intensity d
not follow a simpleQ2 behavior which can be exploited t
obtain information on the mode eigenvector. There is a g
eral consensus that this mode, which is Raman active, is
lowest of theHg modes. Therefore, it was obvious to com
pare the observedQ dependence with that calculated for th
Hg~1! mode on the basis of theab initio theory~Ref. 10! and
the force-constant model~Ref. 13! introduced in Sec. II.
There is obviously very good agreement between theory
experiment whereby it is difficult to discriminate betwe
the two theories although a slight preference may be see
favor of theab initio results. Of course, the confirmation o
the generally accepted assignment of the 33 meV peak
not come as a surprise. In order to assess the importanc
the agreement between theory and experiment we ma
further check: we compared the experimentally observedQ
dependence with that expected for theHg~2! mode~light full
line in Fig. 3!. Although there is no reason to doubt that t
33 meV peak is associated with aHg mode it is not so
obvious that it is just the calculated pattern of theHg~1!
mode which fits to the experiment, and not that of the n
highestHg mode or a mixture of them. Clearly, the agre
ment between calculation and experiment is very much
favor of theHg~1! mode confirming all the more the com
mon assignment of the 33 meV-peak.

As will be shown below neither the very good agreem
between the predictions of the two theories under consi
ation nor between theory and experiment is a matter
course. Presumably, the eigenvector of theHg~1! mode is
particularly easy to predict as there is a large energy dif
ence between theHg~1! mode and the next highest one,
that any physically plausible ansatz for the interatomic fo
field in conjunction with the molecular geometry will lead
a satisfactory description of theHg~1! mode eigenvector.

Copley et al.30 found that the intensity of the 33 meV
peak in the energy distribution of neutrons scattered fr
solid C60 by the beryllium detector method was too low by
factor;2 when compared to calculated spectra. On the b
of a comparison with results of Coulombeauet al.28 obtained
by a time-of-flight method, Copleyet al. concluded that co-
herency effects rather than possible errors in the calcul
eigenvectors are the source of this discrepancy. This vie
fully confirmed by our own results: in the beryllium detect
experiment the 33 meV peak was sampled atQ54.05 Å21

~in such an experiment there is a very close relationship
tween the energy and the momentum transfer!, which corre-
sponds to a local minimum in the scattering cross sec
~see Fig. 3!.

2. Single-crystal sample

Measurements on a single-crystal sample allow one
study the direction dependence of the scattering cross
tion. ForQ<3 Å 21 the direction dependence is rather sma
for very small Q the C60 molecules behave as hollow
spheres. For largeQ, however, the atomic arrangement o
the molecular surface does lead to a marked direction de
dence of the scattering cross section. Unfortunately, this
rection dependence is somewhat damped due to the una
able orientational disorder in C60 samples even at the lowe
temperatures.38 In our simulations, this orientational disorde
was taken into account by calculating the weighted aver
es
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for a phase where all the intermolecular contacts
pentagon-double-bond~weight 5! or hexagon-double-bond
~weight 1!, respectively. The weights correspond to the
sults of Davidet al.39 for temperatures below the glass tra
sition. The large predominance of the pentagon fraction
sures that the direction dependence expected for a
pentagon phase is not strongly washed out by the orie
tional disorder@see Fig. 4~a!#.

Figure 4~b! shows the momentum dependence of the sc
tering cross section along a particular crystallographic dir
tion, namely~110!. A comparison with Fig. 3 reveals tha
local minima and local maxima occur in general at appro
mately the same positions, but with different relative heigh
It is only at the upper end of the momentum range inve
gated that there is no longer a close correspondence betw
minima and maxima observed as a direction average or a
~110! ~at Q'6.8 Å21, the single-crystal data show a larg

FIG. 4. ~a! Intensity of the 33 meV peak versus momentu
transfer (z,z,0! observed on a single-crystal sample atT512 K.
The light full and dotted lines show the prediction of theab initio
theory~Ref. 10! for a pure pentagon or hexagon phase, respectiv
The heavy line shows the result for a 5:1 mixing of the two phas
~b! The heavy full and dotted lines denote the predictions of theab
initio theory ~Ref. 10! and the force-constant model~Ref. 13! for
the Hg~1! mode, respectively, and the light line shows the pred
tion of the ab initio theory for theHg~2! mode using the same
scaling.



fin

se

s
at
s
o

b

m
t

-

ea
e
e

lita

te
,

i

o

te
ri

n
ns
i-
ion
n

eo

ion
re
W
t t

ng
ce.
as

al
o we

n-

ly
he

et-
fre-
een
b-

ted
ling

nto
can
pe
-

the
by

ur
a

ctor

en-
or

at
od

the
ere
u-

sat-
ame
t in
al
n-
lly

ties
e of
ed
ese
the
gon
lat-
s is

ules.
two
ant
t the
e

ted
s in
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peak, whereas the powder data show a local minimum!.
When comparing the data to the theoretical results we

that ~i! the predictions of theab initio theory10 and the force-
constant model13 differ more from each other than is the ca
for the direction averaged cross section, and~ii ! that the
agreement between theory and experiment, although still
isfactory, is not as good as was found for the powder d
We conclude that a comparison to single-crystal data con
tutes a more stringent check of theoretical results than a c
parison to powder data.

The question is, how serious are the discrepancies
tween theory and experiment apparent in Fig. 4~b!? We tried
to find a better set of eigenvectors than those originally co
puted from theab initio theory by admixing a certain amoun
of the eigenvectors of theHg~2! mode~assuming that admix
tures of even higherHg modes can be probably ignored!.
However, we soon realized that finding an appropriate lin
combination of eigenvectors which fits to the crystal symm
try and improves the agreement between theory and exp
ment is very cumbersome. So, we arrived only at a qua
tive conclusion, that the discrepancy seen in Fig. 4~b! can be
explained by an admixture of about 10% of the calcula
Hg~2! eigenvectors to the calculatedHg~1! eigenvectors, i.e.
by a normalized eigenvector of the form 0.995Hg~1! 1 0.1
Hg~2!. We note that the change in frequency associated w
such an admixture is not very important: it is only~0.12)
times the frequency difference between theHg~1! and the
Hg~2! modes, i.e., about 0.2 meV. In other words, the go
agreement between calculated and experimentalHg~1! ener-
gies is not put into question by our finding that the calcula
Hg~1! eigenvectors are not fully consistent with our expe
mental results.

The direction dependence of the scattering cross sectio
more directly probed by transverse scans. We made sca
the ~10,z,z) and the~13,z,z) directions because we antic
pated particularly pronounced structures in these direct
on the basis of the theoretical predictions. Again, we fou
satisfactory, although not perfect, agreement between th
and experiment, as is illustrated for the~10,z,z) direction in
Fig. 5.

So far we ignored all the splittings and the dispers
induced by the intermolecular interactions and conside
only the sum of the phonon branches depicted in Fig. 2.
tried to check the results of our simple ansatz to represen

FIG. 5. The same as Fig. 4~b! but for the ~10,z,z) direction,
using the same scaling.
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intermolecular interactions by a vdW potential by maki
measurements at many different points in reciprocal spa
Calculations of inelastic structure factors told us that it w
practically impossible to follow the dispersion of individu
branches because of unfavorable selection rules, and s
restricted our measurements to the high-symmetry pointsG,
X, M , andR. TheQ points were selected as to give reaso
able counting rates~which meantQ>4 Å 21 and medium to
large structure factors!, and further to sample predominant
high- or low-frequency modes or both at the same time. T
results of this investigation are shown in Fig. 6. As theor
ical peak positions we have taken the average of mode
quencies weighted by their structure factors. As can be s
from Fig. 6~a! the correlation between calculated and o
served frequencies is not fully satisfactory~hereby we leave
out of consideration the general offset between calcula
and observed energies which is due to an imperfect mode
of the intramolecular forces by the ansatz of Jishiet al.13!
We note that the finite momentum resolution was taken i
account in calculating the energies, so resolution effects
be left out in the following discussion. The rather low slo
of the straight line~0.5960.10! obtained by a linear regres
sion analysis suggests that the calculation overestimates
total dispersion. However, Raman results reported
Horoyski et al.19 and Hamanakaet al.20 indicate that the
splitting at G is not much smaller than calculated by o
model, i.e.,DEmax51.75 meV instead of 2.0 meV, so that
general down scaling of the calculated dispersion by a fa
0.88 would only partly remedy the discrepancy.

A loose correlation between calculated and observed
ergies may be due to incorrect predictions of frequencies
to incorrect predictions of structure factors. We found th
the calculated total cross sections are in relatively go
agreement with experiment@see Fig. 6~b!#, although a linear
regression analysis showed again some deviation from
expected behavior. Likewise, the observed peak widths w
in approximate but not full agreement with the model calc
lations @Fig. 6~c!#.

When searching for the reasons for the somewhat un
isfactory agreement between model and experiment we c
to consider the effects of the rotational disorder presen
our sample but ignored in our calculation. This rotation
disorder will affect both the energies and the intensities. U
fortunately, calculations using large supercells to realistica
model the rotational disorder are far beyond the capabili
of present day computers. In order to assess the influenc
the rotational disorder in a qualitative way we perform
additional calculations for a pure hexagon phase. From th
results we learned the following: the dispersion curves of
hexagon phase look rather similar to those of the penta
phase but the overall dispersion calculated for the same
tice parameter is reduced by 20%. We presume that thi
related to the well-known fact that hexagon-oriented C60
molecules need less space than pentagon-oriented molec
The sizeable difference between the dispersion of the
phases implies that rotational disorder entails a signific
force-constant disorder, so that it cannot be expected tha
lattice vibrations are fully described in the picture of th
virtual crystal approximation.

When the quantities displayed in Fig. 6 are recalcula
for a 5:1 mixture of the pentagon and the hexagon phase
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5932 56R. HEID, L. PINTSCHOVIUS, AND J. M. GODARD
the incoherent approximation the agreement between ex
ment and theory is indeed improved. In particular, the
served cross section becomes nearly proportional to the
culated total cross section of all the modes, the remain
deviations being within experimental errors. However, it
not very surprising that the incoherent approximation wo
quite well for the total cross section of allHg~1!-related
modes. The incoherent approximation will certainly be le

FIG. 6. ~a! Observed versus calculated positions of peaks a
ciated withHg~1!-related modes for various high-symmetry poin
in reciprocal space.~b! Observed versus calculated total cross s
tion of the same modes.~c! Observed versus calculated variance
the peaks of part~a!. Calculations were performed for a fully or
dered pentagon phase. Lines denote results of a linear regre
analysis.
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satisfactory for the scattering cross sections of individ
modes which show very large differences between the
phases.

The correlation between calculated and observed frequ
cies remains somewhat unsatisfactory after allowance
made for the rotational disorder. Presumably, this indica
that the vdW potential is not fully appropriate for describin
the dispersion of internal modes, although caution is ad
able in view of the incoherent approximation used in o
study. A certain inadequacy of the vdW potential for repr
ducing the dispersion of internal modes would not come a
surprise in view of the poor description of external mod
with librational character by this potential~a factor 5 in
terms of force constants36!. Rather, one might be surprise
that on the whole the vdW potential works fairly well fo
describing the dispersion of the internal modes. We th
that this is related to the fact that theHg(1)-related vibra-
tions with predominant radial character demand not so m
on the orientational part of the potential rather than on
radial one, which is relatively well described by the vd
ansatz.

In summary, we conclude that the dispersion
Hg(1)-related modes as obtained with the vdW poten
provides a rather satisfactory description of our data wh
allowance is made for the unavoidable rotational disord
but that the dispersion of internal modes is not a good tes
ground for the intermolecular potential due to the smalln
of the dispersion, to unfavorable selection rules, and last
not least to disorder effects.

B. Modes atE'43 meV

In inelastic-scattering experiments on powders28,30 a peak
was observed atE'43 meV which was somewhat broad
than the experimental resolution. Therefore, the peak
attributed to two modes of slightly different energy, i.e.,
Gu mode atE542.6 meV and aHu mode atE544.0 meV
by Coulombeauet al.28 or a T2u mode atE542.6 meV and
a Gu mode atE543.6 meV by Copleyet al.30 We note that
the results of Jishiet al.13 suggest an assignment of this pe
to a T2u and a Hu mode, whereas theab initio results
strongly favor the assignment made by Copleyet al.30 ~this
seems to have been their basis of the assignment!. As will be
shown in the next paragraph we found compelling evide
that the lowestHu mode is atE549 meV, so that the choice
for the two modes in question was narrowed down to
T2u~1! and theGu~1! mode. A calculation of the direction
averaged cross section showed a very similarQ dependence
for these two modes. Hence, powder measurements are
propriate to decide which mode has the higher energy and
how much. On the other hand, single-crystal measurem
do offer an opportunity to pin down the two modes sep
rately due to favorable selection rules. Figure 7 shows
results of two measurements at different points in recipro
space for which theab initio theory10 predicts that the cross
section is dominated to more than 90% by either theGu~1!
mode @Q5(13,1,1)# or the T2u~1! mode @Q5(0,9,9)#, re-
spectively.

From these measurements it follows that theGu~1! mode
is higher in energy by nearly 1 meV, in very good agreem
with ab initio results~see Table I!. The average frequency o
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the two modes derived from our measurements is slig
lower than that obtained by Coulombeauet al.28 and Copley
et al.,30 which very probably reflects a slightly different cal
bration. Results of second-order Raman scattering40 favor the
higher value, whereas photoluminescence results41 favor the
lower one.

The overlap of theT2u~1! and theGu~1! peaks hampers
attempts to check the theoretically predicted eigenvect
Still, some valuable checks can be made, and the resu
such an investigation is shown in Fig. 8. Theory predicts t
in the direction investigated the scattering cross section
theT2u~1! mode is much larger than that for theGu~1! mode.
In addition, theT2u~1! contributions were favored over th
Gu~1! contributions by the choice of the energy in the con

FIG. 7. Energy scans performed atQ points where theory pre
dicts that the scattering cross section is dominated by theGu~1!
mode @Q5(13,1,1)# or the T2u~1! mode @Q5(0,9,9)#, respec-
tively.

FIG. 8. Background-corrected intensity measured atE541.8
meV versus momentum transfer (z,z,0! observed atT512 K. The
dashed and broken lines correspond to the intensities calcu
from the ab initio theory ~Ref. 10! and the force-constant mode
~Ref. 13!. The energy transfer chosen corresponds to theT2u~1!
mode, but because of insufficient energy resolution contribution
the Gu~1! mode are not fully suppressed. For this reason, the th
retical curves were calculated as the weighted sumI (T2u)10.5
I (Gu) of the contributions of the two modes in question, where
the contributions from theGu~1! mode do not exceed 5% of th
peak intensity.
ly
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E scan, so that the results shown in Fig. 8 can be larg
considered as a check of theT2u~1!-mode eigenvector.
Clearly, theQ-dependence predicted by theab initio theory10

is in very good agreement with experiment thereby confir
ing our interpretation of the results shown in Fig. 7. Furth
inspection of Fig. 8 shows that in this case the agreem
between theory and experiment is significantly worse for
force-constant model.

C. H u„1… and H g„2… modes

The assignment of the 49 meV peak has been of so
debate in the literature. Whereas almost allab initio theories
propose an identification asHu~1!, certain phenomenologica
models predict a different association~cf. Table I!. For ex-
ample, the model of Jishiet al. suggests to assign theGu~1!
mode to this peak.

Our single-crystal measurements unambiguously confi
the ab initio assignment. Figure 9 shows the momentum
pendence of the intensity along the~110! direction for the 49
~above! and 53 meV peak~below!, respectively, with the
same scale factor used for both data sets. Very similar res
have been obtained for scans along the~111! direction. From
Raman experiments, the latter peak is known to beHg~2!.
The momentum dependence of its intensity is well descri
by theab initio theory. The characteristic maximum atz'9
of the 49 meV peak is properly reproduced by theHu~1!
eigenvector of both theoretical models. On the other ha
the Gu~1! mode shows a very low intensity with an esse
tially featureless momentum dependence@long dashed line in
Fig. 9~a!#, thus excludingGu~1! as a candidate for the 4
meV peak.

ed

of
o-

FIG. 9. Intensity of the 49 meV peak~a! and of the 53 meV
peak ~b! versus momentum-transfer (z,z,0! observed on a single
crystal atT512 K. The full and dotted lines correspond to th
prediction of theab initio theory~Ref. 10! and of the force-constan
model~Ref. 13!, respectively, for theHu~1! mode~a! and theHg~2!
mode~b!. We note that the frequencies calculated from the for
constant model suggest to associate the 49 meV peak not with
Hu~1! mode, but with theGu~1! mode. The corresponding intens
ties are shown by the dashed line. The scaling is the same fo
curves and based on more data sets than shown in the figures
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As is seen from Fig. 9~b!, the results of the phenomeno
logical model forHg~2! describe the experimental data not
well as theab initio theory, which indicates substantial di
ferences in the corresponding eigenvectors. We found
the Hg~2! eigenvectors predicted by the model of Jishiet al.
incorporate about 30% of the eigenvectors ofHg~3! pre-
dicted by theab initio theory. This demonstrates that th
phenomenological model is less reliable in predicting eig
vectors even for modes whose frequencies have been ex
itly used to determine the parameters of the model.

D. Modes in the energy range 55–75 meV

As predicted by theab initio theories, this frequency
range should consist of eight modes which are separated
ergetically from the remaining spectrum by gaps of mo
than 7 meV. Due to our limited energy resolution, we cou
not resolve the individual modes but observe three group
phonons. Figure 10 shows the measured intensity as a f
tion of energy as obtained on a powder sample. The p
sented data are the sum of several constant-Q scans withQ
ranging from 4 to 7.3 Å21.

According to theab initio model,10 the peak at 60 meV
can be assigned toAg~1! andGg~1! and the second peak t
T1u~1! andHu~2!. The third peak should be attributed to fo
modes,T2g~1!, T1g~1!, T1u~2!, and Gg~2!, respectively. A
simulation of the experimental data using frequencies
eigenvectors predicted by this model reproduces corre
the total weights of the three phonon groups, but differs fr
the data in the detailed energy dependence. We tried to
prove the model by slightly adjusting the mode frequenc
The best agreement with experiment has been obtained b~i!
using frequencies from Raman and IR measurements for
optically active modes@Ag~1!, T1u~1!, andT1u~2!#, and ~ii !
by applying additional frequency shifts of 1 to 2 meV
three other modes@Gg~1!, Hu~2!, and T2g~1!#. The mode
frequencies obtained by this procedure are listed in Tab

FIG. 10. Background-corrected intensity versus energy as
served on a powder sample atT512 K. The data are the sum o
several const-Q scans in theQ range 4–7.3 Å21. The line shows
the result of a simulation of the experiment using the theoretic
~Ref. 10! predicted mode energies and eigenvectors and the ex
mental resolution. Apart from the scale factor which was fitted
the data, small adjustments of the order of 1 meV~see text! had to
be applied to the calculated mode energies to obtain the ac
agreement between simulation and experiment.
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whereas the corresponding energy dependence of the in
sity is given by the solid line in Fig. 10.

A more sensitive test of the proposed mode assignm
is provided by the momentum dependence of the intensit
each individual phonon group. A comparison between
periment and theory is presented in Fig. 11. The very go
agreement gives strong support for the proposed associa
although we cannot exclude the possibility of an exchange
closely related modes within a group@e.g., T1g~1! and
T2g~1!#. For the phenomenological model~dashed lines in
Fig. 11!, however, obvious discrepancies for momenta clo
to Q56 Å 21 exist. They are especially pronounced for t
first phonon group~60 meV peak!, where they can be attrib
uted to theGg~1! mode, because theAg~1! mode gives only
a small contribution to the total peak intensity (,20%).
When searching for the reason for this discrepancy we
came aware that theGg~1! eigenvectors of the phenomeno
logical model are an almost 1:1 mixture of theab initio
eigenvectors ofGg~1! andGg~2!. A similar hybridization is
found for the phenomenologicalGg~2! mode which provides
an explanation for the differences between the two theor
cal models with regard to the third phonon group. Here,
deviations from experimental data are less pronounced
cause of substantial contributions to the total intensity co
ing from the three other modes of this group.

V. CONCLUSIONS

We have demonstrated that inelastic neutron scatterin
a powerful technique to obtain detailed information on t
eigenvectors of the intramolecular vibrations in solid C60.
The first important result of a study like ours is an una

b-

y
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FIG. 11. Intensity versus momentum transfer of the 60 m
peak ~above!, the 66 meV peak~middle!, and the 71 meV peak
~below! as observed on a powder sample atT512 K. The data were
corrected for multiple-scattering effects. The full and dashed li
show the intensity variation predicted by theab initio theory ~Ref.
10! and the force-constant model~Ref. 13!, whereas the dotted line
shows the simple~Debye-Waller factor corrected! Q2 behavior. The
same scale factor was used for all the curves including those of
3.



th
u

in
up
s
d
ll
u

va

a
W
e
on
r

-
n

ct
-

th
e

ad
ic

h
e

r
e

er
d

in
u

es
a
ra
ir

ro-
cle
by
ay.

w-
ted
y,
ry
er

e
ger

nd
be-
er,
tain
ata

es
ces
lar

be
igh
r a

ies
ec-

to

ion
s
and
to

gle
be

for
eir
ing
to
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biguous assignment of the silent modes. Our view that
assignment is far from being trivial is corroborated by o
finding that in the tables published by Donget al. ~Ref. 40!,
Martin et al. ~Ref. 42!, and Wanget al. ~Ref. 22! several
experimental frequencies are assigned incorrectly. Be
aware that the assignment is a nontrivial problem, gro
like Jishi et al. refrained from using silent mode frequencie
as input data — with the consequence that the silent mo
are not as well reproduced by their model as the optica
active modes. Very probably, better model parameters co
have been found in case our results would have been a
able to Jishiet al.

The assignment is often seen as a clear-cut yes or
problem. However, this is not really true as, in gener
eigenvectors are not determined by symmetry alone.
have demonstrated that eigenvectors derived from differ
theories may differ significantly, and that inelastic neutr
scattering is able to tell which eigenvector is in satisfacto
agreement with experiment and which is not.

We have found that a state-of-the-artab initio study of the
internal modes in C60 gives an extremely satisfactory de
scription not only of the frequencies but also of the eige
vectors. It is true that the agreement between the predi
and the experimentally observedQ dependence of the inten
sities is not always perfect, but we consider the deviations
not very serious: estimates showed that the errors in
mode eigenvectors correspond to errors in the mode frequ
cies of the order of 1% only. As a consequence, claims m
on the basis of a comparison of experimental and theoret
frequencies are not jeopardized. Theab initio theory10 is
clearly superior to the phenomenological theory of Jis
et al.13 This does not mean that phenomenological mod
are generally unable to reproduce the C60 vibrations with
sufficient accuracy. However, it does mean that it is ve
difficult if not impossible to construct such a model on th
basis of a very limited data set. It is precisely one of the v
advantages of anab initio theory that it can be implemente
at a time when little or no data are available.

At present, the very advanced state of our understand
of the intramolecular forces is in sharp contrast with o
relatively poor understanding of the intermolecular forc
For the latter, only empirical potentials are available so f
We made an attempt to check the adequacy of a gene
adopted simple ansatz, i.e., a vdW potential, and found fa
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satisfactory agreement with experiment. The unavoidable
tational disorder in C60 samples is seen as a major obsta
for unraveling details of the phonon dispersion and there
to check the adequacy of the vdW ansatz in a stringent w

An experimental analysis of the eigenvectors of lo
frequency internal phonons in a molecular solid was repor
by Chaplotet al.43 for crystalline anthracene. For this stud
a fairly large single crystal was available, which is not ve
often the case for molecular solids, in particular not for oth
members of the fullerene family than just C60. We empha-
size that ‘‘fairly large’’ has to be seen in relation to th
frequencies involved: the higher the frequencies the lar
the required size of the crystals. Our C60 crystal was large
enough only for the five lowest of the internal modes, a
even for this frequency range it was large enough only
cause of the high luminosity of our spectrometer. Howev
we have shown that powder samples are sufficient to ob
a great deal of information on eigenvectors provided the d
allow one to extract theQ dependence of the peak intensiti
with good accuracy. This has two important consequen
for the planning of similar experiments on other molecu
solids:

~i! instruments and instrumental parameters should
chosen not only in regard to high-energy resolution and h
counting rates, but also in regard to the possibility to cove
large range inQ. From this viewpoint it follows that instru-
mental techniques using very low incident or final energ
are not appropriate for the determination of mode eigenv
tors.

~ii ! Enough time should be allotted to the experiment
achieve good statistics not only for theQ-integrated spec-
trum but also forQ-decomposed spectra.

As a prerequisite, the molecular solid under investigat
should possess two properties:~i! the characteristic energie
for the internal and external modes are well separated,
~ii ! the intermolecular interaction is weak enough to lead
only weak dispersion of the internal modes, so that sin
modes or groups of a small number of modes can still
resolved in frequency. These conditions might be fulfilled
other members of the fullerene family, which due to th
lower molecular symmetry provide an even richer test
ground than C60 for the various theoretical approaches
phonon dynamics.
*Present address: Max-Planck-Institut fu¨r Physik komplexer Sys-
teme, Bayreuther Straße 40, Haus 16, D-01187 Dresden,
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