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Eigenvectors of internal vibrations of Cyy: Theory and experiment
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We have studied the eigenvectors of all internal modesgfup to 75 meV by inelastic neutron scattering.
The experimental data are compared in detail with a state-of-theartitio theory and a phenomenological
model of the vibrational spectrum of g, 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 allo@sunambiguous assignments of silent modes @nd
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 bgittieitio 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 dispersiad giimeode 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 interact{@®163-18207)05934-1

[. INTRODUCTION used to this end, presumably for the following reasons:
firstly, the determination of eigenvectors is traditionally
The discovery of the fullerenésind of a methotifor the  based on single-crystal samples, but the availahjgdgys-
production of large quantities of fullerene solids has stimu-+tals were too small for inelastic neutron-scattering experi-
lated a great deal of experimental and theoretical studiesnents, and secondly, assignment of the modes requires their
Within the fullerene family G keeps a prominent position separation in energy which is difficult if not impossible to
primarily for the high symmetry of the £ molecule which  achieve for many of the g modes with present-day neutron
greatly facilitates theoretical computations and the interprespectrometers. In this paper, we demonstrate that inelastic
tation of experimental data, but also because it is the onlyeutron scattering is indeed a powerful tool for the eigen-
fullerene which can be grown in the form of large and nearlymode assignment at least for the lower part of the vibrational
perfect single crystals. So g appears as an ideal testing spectrum, where the necessary energy resolution can be
ground for our understanding of the intramolecular bindingachieved today. Our study benefited very much from recent
forces and of their modification whenggmolecules form a  progress in crystal growth, but as we will show more could
solid. Indeed, numerous investigations have been devoted ttave been done already with powder samples and using
the vibrational spectrum of the isolatedsdmolecule or of  spectrometers with moderate resolution, provided measure-
the corresponding molecular solid. On the theoretical sidements are made for many different momentum transfers.
the studies are based on eitfadr initio®> % or semiempirical A correct assignment means a correct labeling of experi-
method$!? or phenomenological modetd-'® On the ex- mental frequencies as thth frequency of a certain symme-
perimental side, several techniques have been used to chary class, e.g.T1,. Without solving the assignment problem
acterize the vibrational properties, including Ramanno meaningful comparison can be made between observed
spectroscopy®=2! infrared  spectroscop¥;?>=2* high-  and calculated frequencies as it is well known that theories
resolution electron-energy-loss spectrosctbgnd inelastic may be built which reproduce perfectly all experimental fre-
neutron scatterin®~° In general, the agreement between quencies albeit many assignments are wrong. However, even
calculated and observed frequencies was found to be veiif all assignments are made correctly there remains a prob-
satisfactory or even excellent. lem: the displacement pattern of a mode belonging to a sym-
The good agreement between theory and experiment isetry class with more than one membiich is the case
true, of course, only if the assignment of the experimentallyfor all but one of the Gy modes is not determined by sym-
observed modes is correct and if the calculated displacementetry alone. Therefore, a good agreement between calcu-
pattern is borne out by experiment. For the assignment proldated and observed frequencies can be seen as satisfactory
lem optical spectroscopy was of great help as selection rulesnly in the case where the calculated displacement pattern is
allow one to assign a certain frequency to a certain symmetrgonfirmed by experiment, too. Further we note that proper-
class of the eigenmodes. There are, however, more sileties like the electron-phonon coupling strength directly de-
modes(32) than infrared{(4) or Raman-10) active modes, pend on the mode eigenvectors, so that eigenvectors are an
so that optical spectroscopy can only partly solve the probimportant input for theories aiming at a description of these
lem. In principle, inelastic neutron scattering allows one toquantities®!
unambiguously assign all the modes, but has so far not been Unfortunately, it is practically impossible to directly infer
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the eigenvectors from the experimental data. Therefore, in

the present paper, we adopt the strategy to check theoreti-

cally predicted eigenvectors by investigating the momentum

dependence of the intensity in great detail. As will be shown, Hg(l)

this momentum dependence is a very prominent fingerprint

of a mode: it does not only allow one to unambiguously

identify its symmetry class, but it provides also a sensitive

test how well the eigenvectors are quantitatively predicted by

theory. This is already true for data taken on powder

samples, although to a lesser extent than for single crystal H (2)

data. g
For our comparison between theory and experiment we

have chosen on the one handaminitio theory® and on the

other hand a phenomenological driewe think that both

theories are state of the art and are therefore representative of

other theories of the same kind. We find that the two theories

investigated differ not only in their agreement between cal- Hg(3>

culated and observed frequencies, but also in their agreement

between calculated and observed intensities. In other words,

eigenvectors are predicted with uneven reliability.
When Cg, molecules form a solid the intermolecular in-

teraction modifies the spectrum of the internal vibrations:

degeneracies are lifted and the modes show dispersion. In-

elastic neutron scattering is, in principle, able to shed light T2u<1)

also on these modifications. In practice, however, any at-

tempt to unravel dispersion curves seems hopeless for all but

the lowest internal modgH 4(1)]. It turned out that even an

investigation of the dispersion of they(1)-related modes is

extremely difficult and we could extract only summary infor-

mation on this issue from this study. & (1)
Our paper is organized as follows: In Sec. Il we derive the U

formulas needed to calculate the quantities observed in ex-

periment. In Sec. Ill we give a brief survey of the experi-

mental methods used in our study. In Sec. IV we make a

detailed comparison between experimental and theoretical

results, and Sec. V is devoted to the conclusions.

Hu(1)

Il. THEORY

A. Calculations of intramolecular modes

Because of its high icosahedral symmetry, the 174 inter- FIG. 1. Displacement patterns for five different eigenmodes of
nal vibrations of an isolated £ molecule are grouped into the Cs; molecule. The elongations are strongly exaggerated for the
46 distinct modes. They consist of ten Raman-adtiwe Ag sake of clarity. The left-hand and the right-hand figures correspond
and eightHg), four infrared-active Ty,), and 32 silent t0 extremal distortions following each other at time intervalsy1/2
modes, with excitation energies ranging from 33 to 195 me\Eigenvectors are taken from thab initio calculation of Bohnen
(270 to 1580 cmil). Due to the strong covalent bonds be- et al. (Ref. 10.
tween carbon atoms on the molecule, vibrations with pre-
dominant tangential displacements of the atoms are expected The various first-principles methods applied to our prob-
to possess higher energies, while the low-energy part of thieem are all based on the local-density approximation, but
spectrum will consist mainly of radial modes. In Fig. 1 we differ from each other by the computational scheme to ex-
show displacement patterns of modes which are of relevandgact phonon frequencies. Among these methads,initio
for our analysis. molecular-dynamics simulatioh$ are usually of relatively

In recent years, a large variety of theoretical methoddow accuracy. Calculations of the internal modes of an iso-
have been applied to the calculation of the internal modes dhted Cq, cluster have been carried out by Wagigal® and
Cso- They can be classified ab initio methods, semiempir- Quonget al® within all-electron schemes, and by Faulhaber
ical methods, and phenomenological approaches. For thet al.” and Joneset al® using pseudopotential approaches,
purpose of comparison with our experimental data, we haveespectively. For the g solid, a density-functional pertur-
chosen two theories from both ends of this spectrum, namelgation approach has been applied by Giannozzi and Baroni,
an ab initio theory, which is parameter free, and a phenom-whereas Bohneet al° used a frozen-phonon method. Fre-
enological model, which uses parameters determined by a fijuencies predicted from these theories are summarized in
to experimental data. Table I, and compared with the results of our experimental
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TABLE I. Frequenciegin cm™1) for internal modes of g, up to 600 cmi ! (75 me\j. Values obtained in the present experimental work
agree very well with those published by Copleyal. (Ref. 30 and, after suitable modifications of assignments, with those from Coulom-
beauet al. (Ref. 28. They are compared withb initio theories of Bohneret al. (Ref. 10, Wanget al. (Ref. 5, Quonget al. (Ref. 6,
Giannozzi and BaroniRef. 9, Joneset al. (Ref. 8, and Faulhabeet al. (Ref. 7, and with phenomenological models of Jighial. (Ref.

13), Feldmaret al. (Ref. 14, and Onida and BenedéRef. 15. Raman- and infrared-active modes are denoted by R and IR, respectively.
The last line shows the root-mean-square relative deviations of each model with respect to all 14 optically activexpedesental 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. 15

Hg(D) (R) 265 264 266 263 263 258 259 288 249 269 268 265
T,,(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
H.(1) 399 404 402 388 396 404 399 303 361 387 417
Hy(2 (R) 431 432 429 422 432 439 425 437 421 439 438 408
Gy4(D 482 488 485 480 484 486 480 454 498 449 430
Aq(1) (R) 493 488 490 481 483 478 495 582 459 492 483 496
T1u(D) (IR) 528 526 526 514 533 547 527 614 506 505 547 527
H.(2 535 536 534 527 534 539 530 510 543 521 488
Tog(1) 5563 563 553 543 550 547 548 514 541 573 640
T1g(D) 563 563 565 563 566 580 564 661 501 584 568
T1,(2) (IR) 576 576 578 569 548 570 586 647 550 589 578 586
G4(2 570 576 569 570 564 571 566 517 626 612 660
rms (%) 21 2.6 2.0 2.0 8.6 4.6 1.8 3.8 3.0

investigation as discussed in Sec. IV. Only values for the 1&pproach, respectively. Both theories have a similar accuracy
modes with energies less than 75 meV are shown in Table iyith respect to the optical modes, but exhibit noticeable dis-
as this was the energy range accessible in our experimerdrepancies for the silent modes, which partly affect the pre-
Generally, all-electron cluster and bulk approaches prediaicted order of the modes as a function of frequency.

very similar frequencies, which agree well with experimental

data, whereas results from cluster calculations based on thg Neutron-scattering cross section in the independent molecule
pseudopotential approximation exhibit larger deviations. approximation

This tendency is also found in the root-mean-squanes) . . . .
deviation of gll calculated optical frequencies frqom values In the solid, the interaction betweeng{molecules is

obtained in Rama# and IR (Ref. 22 studies(see Table), small cpmpar_ed to the on-ball interaction, and evokes only
h%nall dispersions of internal modes. As a consequence, the

sum of the neutron-scattering intensities of phonons belong-

a{'pg to the same mode of the isolated molecule should be well
described within the independent molecule approximation,
where the intermolecular interaction is totally neglected.

whole energy range of the vibrational spectrum.
Table | also contains results from three phenomenologic
calculations of the vibrational spectrum of gdZluster. Jishi

et al'® employed a parametrization of the intramolecular in- . . .
Here we briefly summarize the relevant expressions for

teraction by a short-range force field with four longitudinal th ttering intensity of a di ionl 46 of |
bond-stretching and four bond-angle-bending force con- € Scattering intensity of a dispersioniess mode of a molecu-

stants. A seven parameter valence-force-field model incluolf’lr cry_stal. The appropriate starting point for a Cohere’_“ scat-
terer like carbon is the one-phonon coherent partial differen-

ing three- and four-body terms has been used by Feldmay. ) s i
et al,}* while Onida and Benedék applied a bond-charge a}'lzlsctrr?g‘?oi?ﬁczt'on’ which in the case of energy-loss scattering

model with only four adjustable parameters. All three calcu-
Iatipns have inc_orp(_)rated_ e>_<perimenta| information_ about 20 k; 7o, 1+n(w)
optical frequencies in their fit procedure to determine the =— > > 8Q-q-G)
adjustable parameters. This has considerably improved the dQdE ki voM @ G o
accuracy of the predicted frequencies as compared to earlier X 80— we) |Far(Q)[2 (1)
approaches, which had to rely on parameters transfered from A1t an '
other materiafs® or extracted from quantum-chemical Here,k; k; are initial and final momenta of the neutra@,
calculationst? As can been seen from Table |, the fit proce- =k; —k; is the momentum transfer to the samplg,is the
dure usually results in a satisfactory description of the opticavolume of the unit cell,g, is the coherent scattering cross
frequencies, but significant differences for the silent modesection per atomy is the mass of an atom, amfw) is the
remain. Bose factor. The summations are performed over all
For our data analysis, we have used the results of Bohnereciprocal-lattice vector& and all normal modesg), with
et al1® and the force-constant model of JigHiall® as rep-  wave vectorq and frequencywg, . The scattering intensity
resentatives of thab initio and of the phenomenological of a normal mode is determined by the structure factor
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Fa(Q=2 e WulQe 1RuqQu,(qn), (2)
M

where u labels atoms within a unit celR,, is the equilib-
rium position vector, and exp-W,(Q)] the Debye-Waller
factor of atomu. v,(g\) denotes the eigenvector of the
normal mode.
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do :ﬁ o 1+ n(w) & 2WQ)Q?
dQdE/ k voM o
XY, 8(w—,)NyS,(Q) (6)

with

We now consider the situation where the unit-cell con-

tains Ny, Cgo molecules whose centers are situatedRat,
m=1---Ny, . If the orientation of each molecule is described
by a rotation matrixD,, with respect to a reference orienta-
tion, the position vector of an atom is given by

R,=Rn+D R, (3)

whereR(?), k=1---60 are the corresponding position vec-

tors of the carbon atoms of a singlegCmolecule in the
reference orientation.

S dQ 1
SUQ)= f 22 S(Q=5+ 2 VNI f1(xee)

™ k# k'
+ (VE(O)( V)QKKl)(ViO’)( V)QKK,)fZ(XKK,)}'

Here, R,.=R,—R., R =R /|Rewr|, and X
=|Q||R««’|. TheQ dependence is contained in the structure
functions f; and f,, which can be expressed in terms of
spherical Bessel functions asf;(x)=j(X)/x=(sinx
—xcos)iC and f,(X)=—jo(x) =[(x2— 3) sirx+3xcos<]/C.
They still incorporate effects due to coherent scattering

(7)

When the interactions between molecular units are verywithin a single molecule, but do not depend any more on the
weak, their influence on the internal vibrations may be nerelative orientation of the g molecules.

glected. Each normal mode of an isolated molecule with
frequencyw, and eigenvectov®)(v) in the reference orien-
tation gives rise toN,, dispersionless phonon branches,
N=v,, with eigenvectorsv,,  (v.,)= ém,m,Dmvf(O). Be-
cause frequencies and eigenvectors of internal vibrations a
independent of}, the momentum summation in E(L) can

be carried out easily. We further make the simplifying as-

sumption that the Debye-Waller factor is isotropic and is th
same for all atomg$we note that the Debye-Waller factor was

close to unity in our case, as the experiments were carrie
out at very low temperatures, so that our simplifying as-

sumptions for the Debye-Waller factor are of very little in-
fluence on the calculated resyltIhe scattering cross sec-

tion can then be written as a sum of contributions from
different molecules:

d’c k¢ w0 1+n(w)

= —-2W(Q)2
dQdE K voM © Q

0]

X, 5<w—wy>§ S,(D,'Q). (4)
Coherence effects manifest themselves in
A (0 ; (0) 2

S(Q)=2 QvO(n)e R | (5)

whereQ denotes the unit vector in the direction @f Al-

€

C. Modeling of the H (1) dispersion

For our investigation of thel(1) dispersion, we require a
(gliable model of the intermolecular interaction. Until now,
no ab initio calculation is available, but several phenomeno-
logical models have been propos&d? They are based on
atom-atom potentials and usually consist of a van der Waals
(vdW) interaction(mostly described by a Lennard-Jones po-
Hantiab and secondary interactions, which are most often
modeled by Coulomb interactions between point charges
placed on the C-C bonds or on the atom sites. The secondary
interactions are needed to accurately describe the orientation
dependent part of the intermolecular interaction, and is
known to strongly affect the librational spectrum. On the
other hand, it has only a marginal influence on external
modes with translational character, which are predominantly
determined by the radial dependent part of the interaction.

As will be demonstrated in Sec. IV, the main experimen-
tal findings concerning thél,(1) dispersion can be already
well accounted for by a less sophisticated model for the in-
termolecular interaction, which consists of a combination of
the force-constant model of Jiskt al. and the Lennard-
Jones potential proposed by Let al3* (with parameters
€=2.8486 meV andr=3.407 A). Figure 2 shows the disper-
sion of the formerly fivefold degenerat¢,(1) manifold as
obtained for a fully ordered?a3 phase, where all the mol-
ecules sit in the ground-staf&pentagon”) orientation with
rotation angle 100° away from the standard orientation.
Structure factors discussed in Sec. IV have been calculated

though coherence effects due to scattering off atoms belongn the basis of Eq.l).
ing to different molecules are ignored in this approximation, There are two arguments which justify our simplified ap-
Eq. (4) still contains information about the orientational or- proach:(i) as will be shown below, the eigenvectors of the
der of the molecules, because the contribution from a molHy(1) mode as predicted by the phenomenological model are
ecule depends on its orientation with respect to the scatteringractically identical to those obtained in thb initio calcu-
momentumQ. lation. (ii) apart from a scale factor, our calculated dispersion
For comparison with measurements on polycrystallinecurves of theHy(1) manifold has a very similar shape as
samples, Eq(4) has to be averaged over all directions@af those obtained by Yuetal. and Pintschovius and
One obtains for the powder-averaged partial differentialChaplot®®>3® who used a combined vdW and Coulomb po-
cross section tential with charges sitting on the bonds. Within our model,
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FIG. 2. Dispersion ofH,(1)-related modes as calculated from a . . .
model with the ansatz of Jiskt al. (Ref. 13 for the intramolecular . FIQ. 3. Background and multiple-scattering-corrected scattering
interactions and the vdW potential taken from Ref. 34 for the inter-"eNSity alE =33 meV versus momentum transfer as observed on a

molecular interactions. The structure was assumed to be fully Orpowd(;er sahmple a:i'_= _12 K'f TEebh_eg\_/y a;]nd Ilgrg ffulllhn(:s cc;rre—
dered with all the molecules being in the pentagon orientation. spond to the prediction of tha |n|_t|0 t eo_ry( ef. 10 tor the
Hgy(1) and theH4(2) mode, respectively, with the scaling as the

. . . only parameter. The dashed line shows the corresponding predic-
the same topology of the dispersion curves is also found fof,,.} o the force-constant modéRef. 13 for Hy(1) mode. The

a fully ordered hexagon phasd 43 rotation angle 40°  gotted line illustrates the simpl®? behavior. In the calculations
These similarities suggest that the main features oHf{@)  allowance was made for the Debye-Waller factor deduced from the
dispersion are determined by the vdW interaction aloneyibrational spectrum, i.e.,\®=Q20.004 A2,

whereas details of the angle-dependent interaction as well as

the orientation of the molecules have only a small influence. V. RESULTS AND ANALYSIS

IIl. EXPERIMENTAL METHODS A. Hy(1) mode

Experiments were performed both on a powder sample 1. Powder sample
and on a single crystal. The powder sample consisted of . .
three grams of fine grained¢g(purchased from the Hoechst 1€ momentum dependence of the intensity of the 33
Company, super gold grajecompacted to pellets of 5 mm meV peak observed on the powder sample is plottgd in Flig.
height and 12 mm diameter which were encapsulated in aR- The data were corrected _for background scattering as in-
aluminum container. In order to reduce the amount of mulferpolated from the scattering &=30 meV andE=36
tiple scattering the pellets were separated from each other b€V, respectively. In addition, a constant amount of 10 in
Gd discs. units of Fig. 3 was subtracted from all observed values to

The single crystal was grown from the vapor phase andiccount for multiple-scattering events. As was mentioned in
had a volume of 0.1 cth(m=0.227 9. Details of the crystal Sec. lll, the sample had been sectioned to reduce multiple-
growth procedure are described elsewhérEhe crystal was ~ scattering contributions. However, estimates showed that this
nearly single domain: additional domains were found to haverecaution was not sufficient to reduce multiple-scattering
a volume of not more thars 0.1%. The sample was mounted contributions to negligible levels, and that further attempts to
with an 110-axis vertical. substantially reduce multiple-scattering contributions would

The experiments were performed on the 2T-triple-axislead to very low counting rates. As a consequence, we had to
spectrometer located at the ORPHEE reactor of the LLB ofesort to a correction procedure. In principle, multiple-
Saclay. Horizontally and vertically focusing crystals werescattering contributions can be computed by a Monte Carlo
used as monochromator and analyzer. For the measurememéghnique but it would have required a large computational
on the powder sample a Cu220 crystal was used as moneffort to model the multiple-scattering events for the actual
chromator giving an energy resolution &fE/E=2.4 to  sample geometry with sufficient accuracy. Therefore, we
3.5% in the energy range,=48—-85 meV. For the sake of a adopted the simplified procedure mentioned above guided by
higher intensity a Cul11 crystal was used as monochromatdhe idea that multiple scattering will certainly not show
for the measurements on the single crystal giving an energgnuch, if anyQ dependence. The extent of the correction was
resolution AE/E=3.4 to 4% in the energy range 48-66 chosen so as to make the data shown in Fig. 3 and with a
meV. A PG002 crystal was used as analyzer in all casesorresponding correction the data shown in Fig. 11 follow
Most measurements were performed with a final energyhe generalQ? behavior. The multiple-scattering contribu-
Er=13.4 meV and a PG filter placed in the scattered beantions determined by this manner are fully in line with what
to suppress higher-order contaminations. In order to miniwas expected from calculations using a simplified geometry.
mize contributions from multiphonon scattering and to mini- The scaling factor was determined by a fit to the data,
mize the effect of the Debye-Waller factor all experimentswhereby we aimed at simultaneously describing the data for
were carried out at the lowest temperature accessible witthe Hy(1) mode and those for other modes depicted in Fig.
our closed-cycle refrigerator, i.e[,=12 K. 11.
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Figure 3 demonstrates that the scattering intensity does Q@R
not follow a simpleQ? behavior which can be exploited to 2 3 4 5 6 7
obtain information on the mode eigenvector. There is a gen- 160 . .
eral consensus that this mode, which is Raman active, is the 140 | |~ Ppentagon phase
lowest of theHy, modes. Therefore, it was obvious to com- "7 | |- hexagon phase
pare the observe@ dependence with that calculated for the 120 | = 5:1 mixing /

H4(1) mode on the basis of thab initio theory(Ref. 10 and

the force-constant modeRef. 13 introduced in Sec. Il
There is obviously very good agreement between theory and
experiment whereby it is difficult to discriminate between

—_
[=)
o

Intensity (arb. units)
[04]
o

the two theories although a slight preference may be seen in %
favor of theab initio results. Of course, the confirmation of 40
the generally accepted assignment of the 33 meV peak does 20
not come as a surprise. In order to assess the importance of . .
the agreement between theory and experiment we made a O 5 & 7 & o 10 11
further check: we compared the experimentally obse®ed ¢
dependence with that expected for thg(2) mode(light full
line in Fig. 3. Although there is no reason to doubt that the Q@i
33 meV peak is associated with i, mode it is not so 2 3 4 5 6 7
obvious that it is just the calculated pattern of tHg(1) 160 - y - - '
mode which fits to the experiment, and not that of the next ol |72 initio
highestH, mode or a mixture of them. Clearly, the agree- : :fl"ce constants

120 + .(2) ab initio

ment between calculation and experiment is very much in
favor of theHy(1) mode confirming all the more the com-
mon assignment of the 33 meV-peak.

As will be shown below neither the very good agreement
between the predictions of the two theories under consider-
ation nor between theory and experiment is a matter of
course. Presumably, the eigenvector of thg(l) mode is
particularly easy to predict as there is a large energy differ- 20 ¢
ence between thely(1) mode and the next highest one, so
that any physically plausible ansatz for the interatomic force
field in conjunction with the molecular geometry will lead to
a satisfactory description of théy(1) mode eigenvector.

100

Intensity (arb. units)
o
o

; : FIG. 4. (a) Intensity of the 33 meV peak versus momentum
30
Copley et al.™ found that the intensity of the 33 meV transfer ¢,¢,0) observed on a single-crystal sampleTat 12 K.

peak in the energy distribution of neutrons scattered froMrye jignt full and dotted lines show the prediction of th initio

solid Cgo by the beryllium detector method was to0 low by & theqry(Ref. 10 for a pure pentagon or hexagon phase, respectively.
factor~2 when compared to calculated spectra. On the basighe heavy line shows the result for a 5:1 mixing of the two phases.

of a comparison with results of Coulombeetial ** obtained (b) The heavy full and dotted lines denote the predictions ofattie
by a time-of-flight method, Coplegt al. concluded that co- initio theory (Ref. 10 and the force-constant modéRef. 13 for
herency effects rather than possible errors in the calculategle Hy(1) mode, respectively, and the light line shows the predic-
eigenvectors are the source of this discrepancy. This view ison of the ab initio theory for theHy(2) mode using the same
fully confirmed by our own results: in the beryllium detector scaling.
experiment the 33 meV peak was sampledat4.05 A1
(in such an experiment there is a very close relationship befor a phase where all the intermolecular contacts are
tween the energy and the momentum transfehich corre-  pentagon-double-bondweight 5 or hexagon-double-bond
sponds to a local minimum in the scattering cross sectiofweight 1), respectively. The weights correspond to the re-
(see Fig. 3 sults of Davidet al>® for temperatures below the glass tran-
sition. The large predominance of the pentagon fraction en-
sures that the direction dependence expected for a pure
Measurements on a single-crystal sample allow one t@entagon phase is not strongly washed out by the orienta-
study the direction dependence of the scattering cross setional disordef{see Fig. 4a)].
tion. ForQ=3 A~ the direction dependence is rather small:  Figure 4b) shows the momentum dependence of the scat-
for very small Q the Cz molecules behave as hollow tering cross section along a particular crystallographic direc-
spheres. For larg®, however, the atomic arrangement on tion, namely(110. A comparison with Fig. 3 reveals that
the molecular surface does lead to a marked direction depefocal minima and local maxima occur in general at approxi-
dence of the scattering cross section. Unfortunately, this dimately the same positions, but with different relative heights.
rection dependence is somewhat damped due to the unavoiti-is only at the upper end of the momentum range investi-
able orientational disorder in & samples even at the lowest gated that there is no longer a close correspondence between
temperatured® In our simulations, this orientational disorder minima and maxima observed as a direction average or along
was taken into account by calculating the weighted averagél10) (at Q~6.8 A~1, the single-crystal data show a large

2. Single-crystal sample
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160 i - ; y - - - intermolecular interactions by a vdW potential by making
1wl | T ?b initio ] measurements at many different points in reciprocal space.
orce constants Calculations of inelastic structure factors told us that it was
practically impossible to follow the dispersion of individual
100 | . branches because of unfavorable selection rules, and so we
restricted our measurements to the high-symmetry padints
X, M, andR. TheQ points were selected as to give reason-
able counting rateévhich meantQ=4 A~ and medium to
large structure factoysand further to sample predominantly
high- or low-frequency modes or both at the same time. The
results of this investigation are shown in Fig. 6. As theoret-
0 . . . - ; ; . ical peak positions we have taken the average of mode fre-
quencies weighted by their structure factors. As can be seen
from Fig. 6a) the correlation between calculated and ob-
FIG. 5. The same as Fig.(# but for the (10¢,) direction, served freqL_lencie_s is not fully satisfactghereby we leave
using the same scaling. out of conS|derat|on_ the gengral offset b.etween calculat.ed
and observed energies which is due to an imperfect modeling
peak, whereas the powder data show a local minijoum  of the intramolecular forces by the ansatz of Jishial!®)
When comparing the data to the theoretical results we fingve note that the finite momentum resolution was taken into
that (i) the predictions of thab initio theory'® and the force- account in calculating the energies, so resolution effects can
constant modéf differ more from each other than is the casebe left out in the following discussion. The rather low slope
for the direction averaged cross section, diidl that the  of the straight ling(0.59+0.10 obtained by a linear regres-
agreement between theory and experiment, although still sagion analysis suggests that the calculation overestimates the
isfactory, is not as good as was found for the powder dataotal dispersion. However, Raman results reported by
We conclude that a comparison to single-crystal data constiHoroyski et al'® and Hamanakat al?° indicate that the
tutes a more stringent check of theoretical results than a congplitting at I' is not much smaller than calculated by our
parison to powder data. model, i.e. AE.,—=1.75 meV instead of 2.0 meV, so that a
The question is, how serious are the discrepancies bgjyeneral down scaling of the calculated dispersion by a factor
tween theory and experiment apparent in Figp)2 We tried  0.88 would only partly remedy the discrepancy.
to find a better set of eigenvectors than those originally com- A loose correlation between calculated and observed en-
puted from theab initio theory by admixing a certain amount ergies may be due to incorrect predictions of frequencies or
of the eigenvectors of thie;(2) mode(assuming that admix- to incorrect predictions of structure factors. We found that
tures of even higheHy; modes can be probably ignojed the calculated total cross sections are in relatively good
However, we soon realized that finding an appropriate lineaagreement with experimefgee Fig. €)], although a linear
combination of eigenvectors which fits to the crystal symme-regression analysis showed again some deviation from the
try and improves the agreement between theory and experéxpected behavior. Likewise, the observed peak widths were
ment is very cumbersome. So, we arrived only at a qualitain approximate but not full agreement with the model calcu-
tive conclusion, that the discrepancy seen in Fifp) 4an be |ations[Fig. 6(c)].
explained by an admixture of about 10% of the calculated \When searching for the reasons for the somewhat unsat-
H4(2) eigenvectors to the calculatét](1) eigenvectors, i.e., isfactory agreement between model and experiment we came
by a normalized eigenvector of the form 0.983(1) + 0.1  to consider the effects of the rotational disorder present in
H4(2). We note that the change in frequency associated witlour sample but ignored in our calculation. This rotational
such an admixture is not very important: it is or(§.1?) disorder will affect both the energies and the intensities. Un-
times the frequency difference between tHg(1) and the fortunately, calculations using large supercells to realistically
Hy(2) modes, i.e., about 0.2 meV. In other words, the goodmodel the rotational disorder are far beyond the capabilities
agreement between calculated and experimetigél) ener-  of present day computers. In order to assess the influence of
gies is not put into question by our finding that the calculatedhe rotational disorder in a qualitative way we performed
H4(1) eigenvectors are not fully consistent with our experi-additional calculations for a pure hexagon phase. From these
mental results. results we learned the following: the dispersion curves of the
The direction dependence of the scattering cross section leexagon phase look rather similar to those of the pentagon
more directly probed by transverse scans. We made scans jphase but the overall dispersion calculated for the same lat-
the (10£,¢) and the(13¢,¢) directions because we antici- tice parameter is reduced by 20%. We presume that this is
pated particularly pronounced structures in these directioneelated to the well-known fact that hexagon-orienteg, C
on the basis of the theoretical predictions. Again, we foundnolecules need less space than pentagon-oriented molecules.
satisfactory, although not perfect, agreement between theorjhe sizeable difference between the dispersion of the two
and experiment, as is illustrated for tfi,£,{) direction in  phases implies that rotational disorder entails a significant
Fig. 5. force-constant disorder, so that it cannot be expected that the
So far we ignored all the splittings and the dispersionlattice vibrations are fully described in the picture of the
induced by the intermolecular interactions and consideredirtual crystal approximation.
only the sum of the phonon branches depicted in Fig. 2. We When the quantities displayed in Fig. 6 are recalculated
tried to check the results of our simple ansatz to represent thier a 5:1 mixture of the pentagon and the hexagon phases in

120 |

Intensity (arb. units)
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satisfactory for the scattering cross sections of individual
3349 g modes which show very large differences between the two
E phases.
33.24 The correlation between calculated and observed frequen-
- E cies remains somewhat unsatisfactory after allowance is
® 33.04 made for the rotational disorder. Presumably, this indicates
E that the vdW potential is not fully appropriate for describing
2 32.84 the dispersion of internal modes, although caution is advis-
w E able in view of the incoherent approximation used in our
32.6- study. A certain inadequacy of the vdW potential for repro-
:{ ducing the dispersion of internal modes would not come as a
Y T e surprise in view of the poor description of external modes
33.8 340 342 344 346 348 with librational character by this potentigh factor 5 in
E.ac (MeV) terms of force constarty. Rather, one might be surprised
that on the whole the vdW potential works fairly well for
1.5 describing the dispersion of the internal modes. We think
b) that this is related to the fact that ti&y(1)-related vibra-
» tions with predominant radial character demand not so much
E on the orientational part of the potential rather than on the
1.0+ radial one, which is relatively well described by the vdwW
ansatz.
8 E In summary, we conclude that the dispersion of
k%) 0.5- Hq(1)-related modes as obtained with the vdW potential
) provides a rather satisfactory description of our data when
allowance is made for the unavoidable rotational disorder,
but that the dispersion of internal modes is not a good testing
0.0 ' . . ground for the intermolecular potential due to the smallness
0.0 0.5 1.0 1.5 of the dispersion, to unfavorable selection rules, and last but
g2 not least to disorder effects.
calc
B. Modes atE~43 meV
1.2+ c) E
] In inelastic-scattering experiments on powd&rf8a peak
1.04 was observed aE~43 meV which was somewhat broader
o ' than the experimental resolution. Therefore, the peak was
> attributed to two modes of slightly different energy, i.e., a
g 081 G, mode atE=42.6 meV and &, mode atE=44.0 meV
- ﬁ by Coulombeatet al?® or aT,, mode atE=42.6 meV and
5 0.6 a G, mode atE=43.6 meV by Coplejet al*® We note that
g ] % the results of Jishét all® suggest an assignment of this peak
0.4 to a T,, and aH, mode, whereas thab initio results
_ _ _ strongly favor the assignment made by Copéyal *° (this
00 02 04 06 08 1.0 seems to have been their basis of the assignmastwill be

(mev?2) shown in the next paragraph we found compelling evidence
that the lowesH, mode is atE=49 meV, so that the choice
FIG. 6. (a) Observed versus calculated positions of peaks assof-Or the two modes in question was r_larrowed do_W” _to the
ciated withH(1)-related modes for various high-symmetry points Toy(1) and theG,(1) mode. A calculation of the direction-
in reciprocal space(b) Observed versus calculated total cross sec-averaged cross section showed a very sinfladependence
tion of the same modegc) Observed versus calculated variance of for these two modes. Hence, powder measurements are inap-
the peaks of parta). Calculations were performed for a fully or- Propriate to decide which mode has the higher energy and by
dered pentagon phase. Lines denote results of a linear regressi®®w much. On the other hand, single-crystal measurements
analysis. do offer an opportunity to pin down the two modes sepa-
rately due to favorable selection rules. Figure 7 shows the
the incoherent approximation the agreement between expetiesults of two measurements at different points in reciprocal
ment and theory is indeed improved. In particular, the ob-space for which thab initio theory”® predicts that the cross
served cross section becomes nearly proportional to the cadection is dominated to more than 90% by either @Gg1)
culated total cross section of all the modes, the remainingnode[Q=(13,1,1)] or the T,,(1) mode[Q=(0,9,9)], re-
deviations being within experimental errors. However, it isspectively.
not very surprising that the incoherent approximation works From these measurements it follows that €g1) mode
quite well for the total cross section of ali(1)-related is higher in energy by nearly 1 meV, in very good agreement
modes. The incoherent approximation will certainly be lesswith ab initio results(see Table)l The average frequency of

Varcalc
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_FIG. 7. Energy scans performed @tpoints where theory pre 7.0 7.5 8.0 85 9.0 9.5 10.010511.011.5
dicts that the scattering cross section is dominated byGhe) ¢
mode [Q=(13,1,1)] or the T,,(1) mode [Q=(0,9,9)], respec-
tively. FIG. 9. Intensity of the 49 meV peald) and of the 53 meV

peak (b) versus momentum-transfer,{,0) observed on a single
the two modes derived from our measurements is slighthgrystal atT=12 K. The full and dotted lines correspond to the
lower than that obtained by Coulombeaual?® and Copley  Prediction of theab initio theory(Ref. 10 and of the force-constant
et al,3° which very probably reflects a slightly different cali- Model(Ref. 13, respectively, for théd, (1) mode(a) and theH(2)
bration. Results of second-order Raman scatté?iiaxyor the mode (b). We note that the frequencies calculated from the force-
higher value, whereas photoluminescence refuidsor the constant model suggest to associate the 49 meV peak not with the
lower one ' H,(1) mode, but with theG,(1) mode. The corresponding intensi-

ties are shown by the dashed line. The scaling is the same for all
The overlap of theT (1) anq theG,(1) 'peaks 'hampers curves and based on more data sets than shown in the figures.
attempts to check the theoretically predicted eigenvectors.

Still, some valuable checks can be made, and the result T:f scan, so that the results shown in Fig. 8 can be largely
such an investigation is shown in Fig. 8. Theory predicts tha onsidered as a check of thE,,(1)-mode eigenvector.

in the direction investigated the scattering cross section fo : L 0
theT,,(1) mode is much larger than that for thg,(1) mode. . I_early, theQ-dependence pr_ed|cted b_y thb initio theory i
is in very good agreement with experiment thereby confirm-

In addition, theT,,(1) contributions were favored over the . ; X A
G,(1) contributions by the choice of the energy in the const-"9 our_mterpre;atmn of the resuIFs sh_own in Fig. 7. Further
u inspection of Fig. 8 shows that in this case the agreement

between theory and experiment is significantly worse for the

200 ' - force-constant model.
180 + | —— abinitio
------ force constants

- :jg I C. Hy(1) and H 4(2) modes
E 120 | The assignment of the 49 meV peak has been of some
g debate in the literature. Whereas almostadllinitio theories
> 100 propose an identification &$,(1), certain phenomenological
2 80 ¢ models predict a different associati¢cf. Table ). For ex-
ﬁ 60 ¢ ample, the model of Jishdt al. suggests to assign tl&,(1)

40 mode to this peak.

20 Our single-crystal measurements unambiguously confirm

0 the ab initio assignment. Figure 9 shows the momentum de-

pendence of the intensity along tfieL0) direction for the 49
(above and 53 meV peaKbelow), respectively, with the
same scale factor used for both data sets. Very similar results
have been obtained for scans along (th&l) direction. From

FIG. 8. Background-corrected intensity measuredEat41.8

meV versus momentum transfef,{,0) observed af =12 K. The

dashed and broken lines correspond to the intensities calculat gman experlmznts, tge Iatterf Pe?" IS Kno_wn t?:-%éz)' ibed
from the ab initio theory (Ref. 10 and the force-constant model e momentum dependence of its intensity Is well describe

(Ref. 13. The energy transfer chosen corresponds to hg1) by theab initio theory. The characteristic maximum &t 9
mode, but because of insufficient energy resolution contributions off the 49 meV peak is properly reproduced by tig(1)

the G,(1) mode are not fully suppressed. For this reason, the theo€igenvector of both theoretical models. On the other hand,
retical curves were calculated as the weighted dif,,)+0.5  the G (1) mode shows a very low intensity with an essen-
1(G,) of the contributions of the two modes in question, wherebytially featureless momentum dependeflomg dashed line in
the contributions from the,(1) mode do not exceed 5% of the Fig. Y@)], thus excludingG,(1) as a candidate for the 49
peak intensity. meV peak.
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: G,(1)+A(1) E=60 meV
50
. 150 | :
2 25 |
c
S 7
g @ 0 = +
5 | 2
< 100 5 T, +H,2) .
@ S50} A N\
5 g Y Y
£ L Z 25 N 1
50 % 77 E=66 meV
b} 7/
€ 0 } ¢ }
0 r , , 3 To(D+T, (D)4
55 60 65 70 75 75
T,,(2)+G_(2)
Energy (meV s 9
gy (meV) 50 |
FIG. 10. Background-corrected intensity versus energy as ob-
served on a powder sample Bt=12 K. The data are the sum of 25
several cons@ scans in theQ range 4-7.3 AL, The line shows 0 . . . ) .
the result of a simulation of the experiment using the theoretically 2 3 4 5 6 7 8
(Ref. 10 predicted mode energies and eigenvectors and the experi- Q@A™

mental resolution. Apart from the scale factor which was fitted to )
the data, small adjustments of the order of 1 n{s¥e text had to FIG. 11. Intensity versus momentum transfer of the 60 meV

be applied to the calculated mode energies to obtain the actuf®2k(@bove, the 66 meV peakmiddle), and the 71 meV peak
agreement between simulation and experiment. (below) as observed on a powder sampldat12 K. The data were

corrected for multiple-scattering effects. The full and dashed lines
. . show the intensity variation predicted by thb initio theory (Ref.

AS is seen from Fig. @), .the results Of the phenomeno- 10) and the force-constant mod@tef. 13, whereas the dotted line
logical model f.or_}-'|g(2) descrlbg thg ex'perlmental dat"’.‘ not' aSgshows the simpléDebye-Waller factor correcte¢®? behavior. The
well as theab initio theory, which indicates substantial dif- s3me scale factor was used for all the curves including those of Fig.

ferences in the corresponding eigenvectors. We found thaj,
the Hy(2) eigenvectors predicted by the model of Jishal.
incorporate about 30% of the eigenvectors Hf(3) pre-  whereas the corresponding energy dependence of the inten-
dicted by theab initio theory. This demonstrates that the sity is given by the solid line in Fig. 10.
phenomenological model is less reliable in predicting eigen- A more sensitive test of the proposed mode assignments
vectors even for modes whose frequencies have been expliis provided by the momentum dependence of the intensity of
itly used to determine the parameters of the model. each individual phonon group. A comparison between ex-
periment and theory is presented in Fig. 11. The very good
agreement gives strong support for the proposed association,
although we cannot exclude the possibility of an exchange of
As predicted by theab initio theories, this frequency closely related modes within a groufe.g., T14(1) and
range should consist of eight modes which are separated ems,(1)]. For the phenomenological modéashed lines in
ergetically from the remaining spectrum by gaps of morerig. 11), however, obvious discrepancies for momenta close
than 7 meV. Due to our limited energy resolution, we couldiq Q=6 A~ ! exist. They are especially pronounced for the
not resolve the individual modes but observe three groups Gfyst phonon grou60 meV peak where they can be attrib-
phonons. Figure 10 shqws the measured intensity as a funged to theG4(1) mode, because thi,(1) mode gives only
tion of energy as obtained on a powder sample. The pres small contribution to the total peak intensityc20%).
sented data are the sum of several cons@astans withQ  \when searching for the reason for this discrepancy we be-
ranging from 4 to 7.3 A, came aware that th&4(1) eigenvectors of the phenomeno-
According to theab initio model;” the peak at 60 meV |ogical model are an almost 1:1 mixture of tad initio
can be assigned #,(1) andG4(1) and the second peak to gjgenvectors 0f54(1) andG4(2). A similar hybridization is
T14(1) andH (2). The third peak should be attribu'ged to four found for the phenomenologicély(2) mode which provides
modes, Toq(1), T14(1), T1y(2), and G4(2), respectively. A an explanation for the differences between the two theoreti-
simulation of the experimental data using frequencies angg| models with regard to the third phonon group. Here, the
eigenvectors predicted by this model reproduces correctlyeviations from experimental data are less pronounced be-

the total weights of the three phonon groups, but differs fromeayse of substantial contributions to the total intensity com-
the data in the detailed energy dependence. We tried to imng from the three other modes of this group.

prove the model by slightly adjusting the mode frequencies.
The best agreement with experiment has been obtainéid by
using frequencies from Raman and IR measurements for the
optically active mode$Aqy(1), T1,(1), andT4,(2)], and(ii) We have demonstrated that inelastic neutron scattering is
by applying additional frequency shifts of 1 to 2 meV to a powerful technique to obtain detailed information on the
three other mode$Gy(1), Hy(2), and To4(1)]. The mode  eigenvectors of the intramolecular vibrations in soligy,C
frequencies obtained by this procedure are listed in Table [The first important result of a study like ours is an unam-

D. Modes in the energy range 5575 meV

V. CONCLUSIONS
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biguous assignment of the silent modes. Our view that theatisfactory agreement with experiment. The unavoidable ro-
assignment is far from being trivial is corroborated by ourtational disorder in G, samples is seen as a major obstacle
finding that in the tables published by Doegal. (Ref. 40,  for unraveling details of the phonon dispersion and thereby
Martin et al. (Ref. 42, and Wanget al. (Ref. 22 several to check the adequacy of the vdW ansatz in a stringent way.
experimental frequenCies are aSSigned inCOfreCtly. BEing An experimenta| ana|y5is of the eigenvectors of low-
aware that the assignment is a nontrivial problem, group§requency internal phonons in a molecular solid was reported
Iike_Jishiet al. refrajned from using silent mode fre_quencies by Chaplotet al*3 for crystalline anthracene. For this study,
as input data — with the consequence that the silent modeg airly |arge single crystal was available, which is not very

are not as well reproduced by their model as the opticallyyien the case for molecular solids, in particular not for other

active modes. Very probably, better model parameters coul_pnembers of the fullerene family than justC We empha-

have been found in case our results would have been ava'é'ize that “fairly large” has to be seen in relation to the

able o sIShEnal frequencies involved: the higher the frequencies the larger
The assignment is often seen as a clear-cut yes or n q ' g d 9

problem. However, this is not really true as, in general,t%e required size of the crystals. OugdXrystal was large

eigenvectors are not determined by symmetry alone. wé&nough onl.y for the five Iowes.t of the internal modes, and
have demonstrated that eigenvectors derived from differerffV€n for this frequency range it was large enough only be-
theories may differ significantly, and that inelastic neutronc@use of the high luminosity of our spectrometer. However,
scattering is able to tell which eigenvector is in satisfactoryVe have shown that powder samples are sufficient to obtain
agreement with experiment and which is not. a great deal of information on eigenvectors provided the data
We have found that a state-of-the-alt initio study of the ~ allow one to extract th@ dependence of the peak intensities
internal modes in @, gives an extremely satisfactory de- With good accuracy. This has two important consequences
scription not only of the frequencies but also of the eigenfor the planning of similar experiments on other molecular
vectors. It is true that the agreement between the predictesblids:
and the experimentally observ€ldependence of the inten- (i) instruments and instrumental parameters should be
sities is not always perfect, but we consider the deviations ashosen not only in regard to high-energy resolution and high
not very serious: estimates showed that the errors in theounting rates, but also in regard to the possibility to cover a
mode eigenvectors correspond to errors in the mode frequetarge range irQ. From this viewpoint it follows that instru-
cies of the order of 1% only. As a consequence, claims madmental techniques using very low incident or final energies
on the basis of a comparison of experimental and theoreticare not appropriate for the determination of mode eigenvec-
frequencies are not jeopardized. Thb initio theory® is  tors.
clearly superior to the phenomenological theory of Jishi (ii) Enough time should be allotted to the experiment to
et al’® This does not mean that phenomenological modelsichieve good statistics not only for ti@-integrated spec-
are generally unable to reproduce thg,@ibrations with  trum but also forQ-decomposed spectra.
sufficient accuracy. However, it does mean that it is very As a prerequisite, the molecular solid under investigation
difficult if not impossible to construct such a model on the should possess two properti€s: the characteristic energies
basis of a very limited data set. It is precisely one of the venyfor the internal and external modes are well separated, and
advantages of aab initio theory that it can be implemented (ii) the intermolecular interaction is weak enough to lead to
at a time when little or no data are available. only weak dispersion of the internal modes, so that single
At present, the very advanced state of our understandingiodes or groups of a small number of modes can still be
of the intramolecular forces is in sharp contrast with ourresolved in frequency. These conditions might be fulfilled for
relatively poor understanding of the intermolecular forces.other members of the fullerene family, which due to their
For the latter, only empirical potentials are available so farlower molecular symmetry provide an even richer testing
We made an attempt to check the adequacy of a generallground than G, for the various theoretical approaches to
adopted simple ansatz, i.e., a vdW potential, and found fairlyphonon dynamics.

*Present address: Max-Planck-Instittit f2hysik komplexer Sys-  7J. C. R. Faulhaber, D. Y. K. Ko, and P. R. Briddon, Phys. Rev. B
teme, Bayreuther StraRe 40, Haus 16, D-01187 Dresden, Ger- 48, 661(1993.

many. 8R. Jones, C. D. Latham, M. I. Heggie, V. J. B. Torres,uﬁe@,

1H. W. Kroto, J. R. Heath, S. C. O'Brien, R. F. Curl, and R. E. and S. K. Estreicher, Philos. Mag. Le5, 291 (1992.
Smalley, NaturgLondon 318 162(1985. °P. Giannozzi and S. Baroni, J. Chem. PHB0, 8537(1994.

2W. Kratschmer, L. D. Lamb, K. Fostiropoulos, and D. R. Huff- 19 -P. Bohnen, R. Heid, K.-M. Ho, and C. T. Chan, Phys. Rev. B
man, NaturgLondon 347, 354 (1990. 51, 5805(1995.

3G. B. Adams, J. B. Page, O. F. Sankey, K. Sinha, J. MenendeZ!D. E. Weeks and W. G. Harter, J. Chem. P38, 4744(1989.
and D. R. Huffman, Phys. Rev. B4, 4052(1992). 127.C. Wu, D. A. Jelski, and T. F. George, Chem. Phys. L£2f,

4J. Kohanoff, W. Andreoni, and M. Parrinello, Phys. Rev4Bg 291(1987; R. E. Stanton and M. D. Newton, J. Phys. Ch&g.
3671(1992. 2141(1988.

5X. Q. Wang, C. Z. Wang, and K. M. Ho, Phys. Rev4B, 1884 13R. A. Jishi, R. M. Mirie, and M. S. Dresselhaus, Phys. Rei33
(1993. 13 685(1992; R. A. Jishi, R. M. Mirie, M. S. Dresselhaus, G.

6A. A. Quong, M. R. Pederson, and J. L. Feldman, Solid State Dresselhaus, and P. C. Ekluritlid. 48, 5634(1993.
Commun.87, 535(1993. 143, L. Feldman, J. Q. Broughton, L. L. Boyer, D. E. Reich, and M.



5936 R. HEID, L. PINTSCHOVIUS, AND J. M. GODARD 56

D. Kluge, Phys. Rev. BI6, 12 731(1992. C. J. Carlile, S. M. Bennington, C. Fabre, and A. Rassat,

15G. Onida and G. Benedek, Europhys. Léi8, 403(1992. Fullerene Sci. TechnoR, 247 (1994).
18D, s. Bethume, G. Meijer, W. C. Tang, H. J. Rosen, W. G.2°F. Gompf, B. Renker, W. Schober, P. Adelmann, and R. Heid, J.

Golden, H. Seki, C. A. Brown, and M. S. Derries, Chem. Phys.  Supercond?, 643(1994.

Lett. 179, 181(1992). 303, R. D. Copley, D. A. Neumann, and W. A. Kamitakahara, Can.
M. G. Mitch, S. J. Chase, and J. S. Lannin, Phys. Rev. 68t J. Phys73, 763(1995.

883(1992. 31M. Schliter, M. Lannoo, M. Needels, G. A. Baraff, and D. To-
18p_ Zhou, K. Wang, Y. Wang, P. C. Eklund, M. S. Dresselhaus, G. manek, J. Phys. Chem. Soli88, 1473(1992.

Dresselhaus, and R. A. Jishi, Phys. Rev4® 2595(1992. 325, W. Lovesey,Theory of Neutron Scattering from Condensed
Bp_ 7. Horoyski, M. L. W. Thewalt, and T. R. Anthony, Phys. Rev. Matter (Clarendon, Oxford, 1984 Vol. 1.

Lett. 74, 194 (1999; Phys. Rev. B54, 920(1996. 33\, Sprik, A. Cheng, and N. Klein, J. Chem. Phy@5, 2027
20y, Hamanaka, M. Norimoto, S. Nakashima, and M. Hangyo, J.  (1992.

Phys.: Condens. Mattét, 9913(1995. 343, P. Lu, X. P. Li, and R. M. Martin, Phys. Rev. Le@8, 1551
21H. Kuzmany, M. Matus, B. Burger, and J. Winter, Adv. Mat@r. (1992.

731(1994. 35J. Yu, R. K. Kalia, and P. Vashista, Phys. Rev4® 5008(1994).
22K -A. Wang, A. M. Rao, P. C. Eklund, M. S. Dresselhaus, and G.%°L. Pintschovius and S. L. Chaplot, Z. Phys 9B, 527 (1995.

Dresselhaus, Phys. Rev.4B, 11 375(1993. 873. de Bruijn, A. Dworkin, H. Szwarc, J. Godard, R. Ceolin, C.
23C. C. Homes, P. J. Moroyski, M. L. W. Thewalt, and B. P. Clay-  Fabre, and A. Rassat, Europhys. L&, 551 (1993.

man, Phys. Rev. B9, 7052(1994). 38w. I. F. David, R. M. Ibberson, J. P. Hare, and K. Prassides,
24, Kuzmany, R. Winkler, and T. Piechler, J. Phys.: Condens. Europhys. Lett18, 219(1992.

Matter 7, 6601(1995. 3%W. I. F. David, R. M. Ibberson, and T. Matsuo, Proc. R. Soc.

25G. Gensterblum, J. J. Pireaux, P. A. Thiry, R. Candane, J. P. London, Ser. A442, 129(1993.
Vigneron, Ph. Lambin, A. A. Lucas, and W. Ksehmer, Phys. 4°Z.-H. Dong, P. Zhou, J. M. Holden, P. C. Eklund, M. S. Dressel-

Rev. Lett.67, 2171(199J. haus, and G. Dresselhaus, Phys. Revi832862(1993.
26R. L. Cappeletti, J. R. D. Copley, W. A. Kamitakahara, F. Li, J. S.“*M. K. Nissen, S. M. Wilson, and M. L. W. Thewalt, Phys. Rev.
Lannin, and D. Ramage, Phys. Rev. Léif, 3261(1991J). Lett. 69, 2423(1992.
27K, Prassides, T. J. S. Dennis, J. P. Hare, J. Tomkinson, H. W*2M. C. Martin, X. Du, J. Kwon, and L. Mihaly, Phys. Rev. B,
Kroto, R. Taylor, and D. R. M. Walton, Chem. Phys. L€i87, 173(19949.
455 (1991). 433, L. Chaplot, G. S. Pawley, E. L. Bokhenkov, E. F. Sheka, B.
28C. Coulombeau, H. Jobic, P. Bernier, C. Fabre, D."Sgtand A. Dorner, J. Kalus, V. K. Jindal, and I. Natkaniec, Chem. Phys.

Rassat, J. Phys. Che®6, 22(1992; C. Coulombeau, H. Jobic, 57, 407 (1981).



