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We report near-adiabatic heat capacity data on high-purity powder and single crygtabl@ained by
modulated differential scanning calorimetry which facilitates data collection on a very fine temperature mesh.
The anomaly associated with the orientational melting transitior 280 K is much sharper and more pro-
nounced than previously reported, the full width at half maximum in the best sample s@rgK. Powder
and crystal samples from three different sources all show a 0.1 — 0.3 K splitting of the anomaly, more
pronounced on cooling than on heating. Among several possible interpretations, the most appediaged
by recent diffuse x-ray and neutron scattering regigishe occurrence of an intermediate ordered phase with
symmetry different from that of thBa3 ground state. Hysteresis between melting and freezing onset9is
K in powder samples but1 K in crystals, which we attribute to nucleation-limited freezing in the latter. We
find no evidence for a number of effects reported recently, including hysteretic behavior between 165 K and
290 K and additional transitions near 240 K and 300 K.

I. INTRODUCTION cific (111) directions is allowefl These correspond to near-
neighbor contacts alongl10 directions in which electron-

In common with many molecular solids,ggexhibits an  rich double bonds on one molecule are immediately adjacent
orientationally disordered plastic crystal phase at temperato electron-poor pentagonal or hexagonal faces of the neigh-
tures above a first-order transitiol,, ~ 260 K12 Signa-  boring molecules. The formdpentagonal facéPP] is the
tures of the orientational order-disorder transition have beeglobal minimum in the orientational potential while experi-
studied in detail by structural, dynamical, thermal, magneticmentally the lattef hexagonal facgHF)] lies only ~ 10
elastic, dielectric, and other probes. Two unusual features argeV above it
the persistence of detectable orientational order well above These observations present particular challenges for theo-
T (Ref. 3 and the existence of substantial disorder at allfists attempting to quantitatively model the orientational po-
temperatures below,,.*® tential and the thermodynamics of the phase transition. Early

The high-temperature crystal lattice is primitive face-2attempts based on Lennard-Joriésl2) atom-centered po-
centered cubiéfcc) with four orientationally equivalent mol-  t€ntials required the inclusion @fd hoc Coulomb terms to
ecules per conventional cube. Most but not all of the discret&®Produce the observed low-temperature structiréhese
charge from the 60 carbon atoms per molecule is sphericall ere motivated in part by an attempt to mimic What. was
averaged out by the thermally driven rotational dynamics.hought to be the driving force for the ordering transition,

Below T,, the equivalence is broken as the molecules IOCI(namely, the attractive interaction between electron-rich

int ific energetically favorable orientations. resultin indouble bonds and hexagon or pentagon centers on adjacent
0 specilic energetically favorable orientations, resuiting N, e jle$ More recent work based on the local density
a nonprimitive simple cubic lattice with a four-molecule-

_ 5 i approximation(LDA) charge density of the molecule cor-
basis space groupa3.” In this space group, the molecular rectly reproduces the two nearly degenerate minima corre-
point-group symmetry is compatible with orientational twin- sponding to the different near-neighbor configuratiths,
ning which is indeed observédJust as the plastic crystal and identifies short-rangeepulsive interactions as the
phase is complicated by the presence of 15% more charg@echanism which stabilizes the observed orientations. In
density near(110) directions than would be the case for fact the Coulomb contribution from the LDA valence and
spherically averaged moleculésalanced by similar deficits core charges has a maximum at the observed global
along(111), the low-T “ordered” phase is complicated by minimum?°

the existence of two preferred orientations which are nearly Calorimetry has been used extensively to study the orien-
degenerate in energyn Pa3 any rotation angle about spe- tational transitior;'>~* the signature of which has been
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shown to be very sensitive to residual solvEhparticle 1200
sizel® unidentified defectd’ hydrostatic pressuré;®inter-
calated gase®?! and stacking fault> Here we report
modulated differential scanning calorimefMDSC) results
obtained on high-purity powder and single-crystal samples
from three different sources. Our findings are summarized as
follows. (1) The Cp anomaly is much stronger and sharper
than in previous measurements. This we attribute to sample= 600 |
perfection and our ability to make measurements at very
slow scan rates. Hysteresis between the onset temperature
of orientational freezing and melting is less than 0.1 K in
powder samples and of ondé K in single crystals, which

we attribute to supercooling in the latfexrs observed previ-
ously in crystals of Gy (Ref. 23]. (2) When scanned at very A
slow rates< 0.05 K/min, the anomaly splits into two distinct 0 200 250 200 350 200
features separated by 0.1 — 0.3 K, more pronounced on cool-

ing than on heating3) We find no evidence for three effects
recently reported: a second transition near 30t K second
transition near 240 K2>26and large hysteresis i@p in the
interval 165—290 K*
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FIG. 1. Modulated differential scanning calorimetry measure-
ment of heat capacity for £ powder(dashed curve to scale, solid
curve 1/10 scale compared at two temperatures with adiabatic
calorimetry resultgRef. 13 (open circleg Data measured on cool-

Il. EXPERIMENTAL DETAILS ing. The peak value at the 260 K orientational transition is about 10
kJ/mol K.

Experiments were performed with a TA Instruments
model 2100 thermal analyzer and model 2920 differentialversed; otherwise the Fourier transform will not be reliable.
scanning calorimetefDSC) equipped with a temperature  Three samples were studied in detail: large-grain powder
modulation accessof. This provides a sinusoidally varying purchased from TERM® crystals sublimed from Hoechst
component superposed on the usual linear temperature ramgold grade” powder in Vienna using a double-gradient
and the heat flow signdtepresenting the temperature differ- static vacuunfy and crystals sublimed in flowing He at
ence between sample and refergniseFourier transformed 600 °C by Hoechst AG. All were checked for higher
to yield in-phase(“reversing”) and out-of-phasénonre-  fullerene impurities, epoxides, etc., by high-performance lig-
versing”) componenté’ This allows us to distinguish be- uid chromatographyHPLC); none were detected at the 0.2%
tween true phase transitions and nonequilibrium effects, intevel. All materials were briefly exposed to laboratory air
creases the sensitivity, and also provides a quantity related {ghile loading into aluminum pans and then quickly placed
the absolute specific heat, namely, the in-phase heat flomto the He flow of the calorimeter. No differences were
divided by the ramp rate, which can be calibrated relative tdound when hermetically sealed pans were used. We also
a standardin our case single-crystal AD3 at six tempera- examined many other samples from a number of commercial
tures in the range 240—-300 KThe primary advantages rela- sources. These exhibited significant departures from the
tive to adiabatic or relaxation methods are sensitiiyng  sought-after ideal behavior — detectable molecular impuri-
being adequate for quantitative measuremesnvenience ties and/or stacking faults, weak or broad transitions, de-
in ensuring near-adiabatic conditions, and the ability topressedr,,’s, etc. — and were excluded from further study.
record data on arbitrarily small temperature intervals. The
disadvantages are the low-temperature limit of about 150 K . RESULTS
with liquid nitrogen cooling and limited precision associated
with the calibration procedure. Care must be taken in select- Figure 1 shows MDSC results from 15 mg of TERM
ing operating parameters to avoid distorting the shape and/qgrowder using a ramp of 0.5 K/min. The backgrou@g well
amplitude ofCp anomalies associated with phase transitionsaway from the phase transitiqgdashed cunjeis essentially
In particular, in MDSC the time derivative of the instanta- the same for all samples, depends very little R#, and
neous temperaturé(t) = Rt+ Asin(2#t/7) must not change 7, shows no difference between heating and cooling, and is
sign witht; i.e., the linear ramfR, the modulation amplitude in reasonable agreement with the data of Matsual** For
A, and the modulation period must satisfyR7/A=27 in  the modulation conditions in Fig. 1 we hafR/A=5 which
order to ensure purely heating and cooling responses faloes not quite satisfy the criterion described earlier. The
positive and negativ®, respectively. We varieR by two  peak Cp value on cooling is much larger than previously
orders of magnitude, 0.05—-5 K/min, in order to identify the published values, with a full width at half maximum
intrinsic behavior of theCp anomaly. Variations iPA and  (FWHM) of 0.55 K and onset temperature 26G)3K. The
7 had only a minor effect on the anomaly as long as thebackgroundCp below the transition is considerably greater
above inequality was satisfied, and at most a 5% effect othan a linear extrapolation from above the transition, in
the absolute value of the “backgroundCp even when it agreement with Matsuet al.
was not. An additional criterion is th& and 7 be consistent In principle the latent heat associated with a first-order
with the intrinsic transition width such that a sufficient num- transition is absorbed or released isothermally andGhe
ber of modulation cycles is recorded as the anomaly is traanomaly is a reversiblé function. In practice the anomaly
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FIG. 3. Heating &) and cooling ) data for G, powder,

FIG‘hZ' Sa?? as Fig.1 ll‘prdsuccesdswel_y ZIO\éve_r temdperatlére "aMBptained with a ramp rate 0.05 K/min. Solid curves are fits tadn
rates, the modulation amplitudes and periods being adjusted propof, . o qe consisting of a Gaussian and a Lorentzian with different

tionately to satisfy the criterion described in the text. The slowesiwidths and temperaturelashed curves the fit parameters are
ramp reveals a dramatic sharpening and a shoulder on thd Iow-Iisteol in Table |

side of the anomaly.

is that the fit quality convinces us that two components are

may be hysteretic and/or broadened by defects, impuritiegaresent for heating and cooling, albeit unresolved in the
poor thermal diffusivity, and other instrumental limitations. former. The fact that the Lorentzian precedes the Gaussian
Figure 2 shows a dramatic sharpening of the orientationabn the temperature scale is consistent with (tygical) ob-
freezing anomaly in TERM powder by reducir®) and A servation of precursor excess specific heat below the
proportionately by one and two decades. The fastest ramgnomaly**?~**The fit parameters are collected in Table I.
rate 5 K/min is typical of most published DSC and differen- The splitting between Lorentzian and Gaussian peak posi-
tial thermal analysisDTA) results, and gives a peak value tions is 0.3 K and 0.2 K on heating and cooling, respectively.
~ 2 kJ/mol K and a FWHM~ 5 K, while the peak in the The onset temperaturgypically defined by theCp = 0 in-
slowest scan is- 11 kJ/mol K, the FWHM is reduced to 0.2 tercept of the steepest tangeis the same for both compo-
K, and a shoulder on the low-side appears. A similar effect nents on cooling, whereas the “Lorentzian onset” precedes
is seen in the heating curves. Heating and cooling scans witthe Gaussian one by 0.5 K on heating. This effect may be
R and A further reduced by half gave essentially the samemore apparent than real; in fact there is at most a 0.1 K
result, indicating that the conditions of the solid curve in Fig.difference in the onsets of the composite curves, suggesting
2 reveal the intrinsic behavior of the anomaly. Converselylittle or no hysteresis or supercooling. On the other hand the
by doublingR andA relative to the solid curve, the shoulder shapes are dramatically different, the heating curve being
is only barely evident and th€p peak is reduced in ampli- considerably broader. Thetotal) heats of transition
tude by 10%. The transition enthalpies, obtained by integratt257—262 K are 5.3 and 5.5 kJ/mol from the heating and
ing thetotal heat flow from 250 to 265 K, are the same for cooling curves, respectively; these are about 20% smaller
all three ramp rates to within 10%. Conversely, areas undethan a recently reported “near-to-standard” single-crystal
the Cp anomalieqderived from thein-phaseheat flow are  value obtained by integrating a regular DSC scan at 10
not reliable at the slowest ramp rates because a substanti&min over an interval more than twice as lafjerigure 4
fraction of the total heat is out of phase, probably due toshows that the splitting of the cooling curve is not an artifact
temperature gradients associated with the slow ramp, poaf the modulation or signal processing since a similar split-
thermal conductivity, self-heating, and high sampling rateting (and identical onset temperatuie observed in standard
Thus in what follows we focus on the shapes of the anomabSC at 0.05 K/min.
lies. Figure 5 shows similar data for a 16 mg sample consisting

Figure 3 compares freezing and melting behavior forof 12 small Vienna crystals, recorded under the same MDSC
TERM powder using the slowest conditions of Fig. 2. Theconditions as above, along with fits to the same algorithm
splitting of the cooling curve into two distinct processes is(see Table )l Both the heating and cooling anomalies are
clearly evident. To facilitate comparison of heating and cool-dramatically sharper than in the powder sample; the fitted
ing responses, and results from different sampee be- Gaussian widths are only 0.08 K and 0.06 K, respectively.
low), we tried severatompletely arbitraryalgorithms to pa- Consequently, we were unable to find a combination of scan
rametrize the MDSC peaks in terms of two components. Wearameters and Fourier sampling rates in which spurious
found that both the heating and cooling curves are well rephigh-frequency oscillations could be avoide@hese are
resented by arad hoc model consisting of the sum of a well known in many applications of Fourier spectroscopy,
Gaussian and a Lorentzigsolid curve$. We emphasize that and occur whenever the integrand changes rapidly and the
there is no physical basis for this choice; its sole significanceange of integration is limited by the experimental condi-
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TABLE I. Parameters resulting from fitting the data in Figs. 3, 5, and 6 t@theocmodel described in
the text. Amplitudes in J/mol K; positions and widths in K. Splitting is between Gaussian and main Lorent-
zian components; a second Lorentzian component is required to obtain an acceptable fit to the Hoechst crystal

data.
TERM USA Vienna Hoechst
Heating Cooling Heating Cooling Heating Cooling

Gaussian 4605 7382 2997 6404 4344 11600
amplitude

Gaussian 260.9 260.1 261.20 259.75 261.1 259.8
position

Gaussian 0.49 0.20 0.08 0.06 0.27 0.14
FWHM

Lorentz (1) 2594 4436 3678 5173 2320 3846
amplitude

Lorentz (1) 260.6 259.9 261.12 259.71 260.9 259.6
position

Lorentz (1) 0.79 0.4 0.43 0.23 0.44 0.22
FWHM

Splitting 0.3 0.2 0.08 0.04 0.2 0.2

Lorentz(2) - - - - 915 696
amplitude

Lorentz(2) - - - - 260.4 259.3
position

Lorentz (2) - - - - 1.41 0.90
FWHM

tions) Another consequence of the smaller widthsd the crystals. The hysteresis is again much greater than in the
spurious oscillationsis that the splitting is no longer com- powder samplgFig. 3, comparable to what was observed
pletely resolved in the raw data, which, however, are againwith Vienna crystals(Fig. 5. Both cooling and heating
well represented by a Gaussian plus a Lorentzian. For thigurves are again asymmetric, the cooling curve exhibiting a
sample the splitting between Gaussian and Lorentzian contfistinct shoulder on the loW- side. The fitted Gaussian
ponents is less than or comparable to the widths, 0.08 K angidths are intermediate between TERM powder and Vienna
0.04 K for heating and cooling, respectively. The major dif- ;rystals: the cooling Gaussian is narrower than the heating
ference with respect to the powder sample is the greater Nygne a5 is the case for the other two samples. Both curves

tere_sis between hea“”Q qnd cooling,1.5 K. show substantial tails on the loWwside, necessitating a third,
Figure 6 presents similar data fer 12 mg of Hoechst
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. 3 for sublimed single crystals prepared in
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T, one consisting of a PF with long-range orientational
’ Ca CRYSTALS, HOECHST correlations plys uncorreIaFed HF “defects,’t the o.the.r vice
MOD. DSC versa. The main problem with this argument is that it violates
1 the requirements of thermal equilibrium. In a single-
component system there can be at most one equilibrium
] phase present at any given temperature. While in practice it
is found that defects can induce phase coexistence over a
several-degree randé the Gibbs phase rule prohibits the
coexistence of two phases over an extended range. Further-
more, diffraction data below,, are quite successfully mod-
eled by a single ordered PF phase witfi-@lependent frac-
tion of isolated HF defect: the latter being responsible for
the characteristic Q dependence of diffuse neutron
S o - scattering’® Even if the system were not in equilibrium, co-
59 ‘ 260 2605 o6l 2615 262 existing ordered PF and HF phases at l@wshould be
readily observable by the expected differences in lattice con-
stants, the molar volume of the HF being substantially less
FIG. 6. Same as Fig. 3 for sublimed crystals prepared bythan. th‘f"t of the P Nontheless’ wgde.mded to perform a
Hoechst AG. quall_tatlve test fo_r generic nonequilibrium _effects on the
splitting by repeating the MDSC after quenching from 373 to
very broadad hocLorentzian to obtain an acceptable (&ge 240 .K. The results were identical to those obtained on slow
Table ). coolmg' fr'om aboveTm. For all t.he reasons noted, this hy-
pothesis is also considered unlikely.
We are thus led to consider scenarios in which the free
IV. DISCUSSION energy is minimized for two distinct structures at very
Our most surprising result is the spliting of t@,  Slightly different temperatures, giving rise to two closely
anomaly into two closely spaced components, suggestive giPaced first-order transitions. There is ample precedent, e.g.,
two ordering transitions. This is not inconsistent with previ-the “blue” phase of some cholesteric liquid crystfsFor
ous work since(a) its observation relies on measurements€xample, the onset of long-range order on cooling might in-
over much smaller temperature intervals than usually takerY0lVe successive freezing out of rotations about different
and (b) DSC, Cp(T), etc., are usually reported as heatingMolecular axes, leading to an intermediate phase with sym-
rather than cooling curve$o avoid supercooling effects on Metry different from that of the ground state. In fact, two
T.), and the splitting is less apparent on cooling compared€cent single-crystal diffuse x-ray scattering studies give evi-
to heating. A similarly small splitting was observed by me-dence for orientational correlations 15-40 K abovg
chanical spectroscopy, on the same Vienna crystals, alsghich are distinctly different from those characteristic of the
more readily on cooling than heatifiThis is another tech- Ordered ground state. Launais al. observeL -point diffuse
nique in which the independent variable is recorded continuscattering at 300 K which cannot be ascribed to pretransi-
ously vs temperature on an arbitrarily fine mesh, and is thuonal fluctuations oP a3 ordering®® Similarly, Pintschovius
also well suited for observing small splittings. The fact thatet al. find short-range(40 A) orientational correlations at
very similar behavior is observed in samples with no detect~ 275 K with symmetry different fronPa3.®” These could
able impurities, from three different sources, gives us confibe embryos of the postulated intermediate phase.
dence that the effect is real. Based on the available informa- Another possibility for two transitions is a variation on
tion, we can only speculate about its origin. the rejected HF-PF hypothesis. Suppose the PF and HF
We first considered the possibility of a small difference minima in the orientational potential have slightly different
between surface and bulkrientational melting tempera- curvatures, such that HF and PF librons have different ener-
tures, thepositionalanalog being well known. Bulk and sur- gies andT-dependent occupancies. If the competition be-
face processes would be assigned to, e.g., the Gaussian améeen PF and HF orientations were governed entirely by
Lorentzian components of th@p anomaly. However, from differences inU, the PF would always win. But differences
Table | the relative intensities of these components are aboun libron energies could favor the HF via ti&s term in the
the same in all three samples; the only difference betweefree energy, for some small rangeTf similar to the manner
large surface area powder and small surface area crystal ddatawhich thePV term overcomed U at 2 kbar to make the
is the larger hysteresis in the latter. So this hypothesis can beF the ground stat&:8 Inelastic neutron scattering clearly
rejected. shows the rapid buildup of libron intensity on cooling just
Our next candidate derives from the nearly degeneratbelowT,,,>3 while the large width could conceal a crossover
global (PF) and local(HF) minima in the orientational po- between HF and PF libron frequencies through the siall
tential, and the observation that their relative fractions justange of the two-componeli, anomaly.
belowT,, (Refs. 5,31 are consistent with the relative inten- A completely different approach would be to argue that
sities of the two anomaly components. Since the energy difthe splitting implies a morphology with two length scales,
ferenceAU between a PF and HF is only about 0.4 kT atthe populations of PF and HF orientations remaining in equi-
Tm.2 one might imagine two distinct phases nucleating atibrium throughout. The larger length scale would be PF-
slightly different temperatures upon cooling from aboveordered regions with isolated HF defects, while the smaller
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scale would be crystallites containing only one of the ener- . , . . . ,
getically equivalentmacroscopimrientations allowed by ro- 1200 | Cg CRYSTALS, HOECHST i
tational twinning inPa3.” Freezing and melting would then QUENCHED TO 77K
involve a temperature lag between two processes, e.g., SUper-.. 1gg | MOP-DSC R=2K/MIN. i
cooling on superheating of the crystallites and the overall
freezing on melting of the larger PF regions.

We turn now to previously reported phenomena which we
did not observe. Griveet al. found that cooling G, to at
least 165 K induces dramatic hysteresis, wher€hy on
heating exceeds that on first or subsequent cooling by about
a factor of 2 throughout the interval 165—290*KThey
ascribed this new anomaly at 165 K to a second ordering 200 [
transition which had been observed in electron diffracflon
but which we believe to be an impurity effectSince the o . . . . . .
practical lower limit of our equipment is 170 K, and since 180 200 220 240 260 280 300 320
the effect was reported to be independent of cooling ate, TEMPERATURE (K)
we looked for it by quenching a sample into liquid nitrogen,
quickly loading it into the precooled calorimeter under a flow

. - FIG. 7. Heating and cooling MDSC curves for Hoechst crystals
of dry gas, and measuring a heating curve up to 330 K fOl'after guenching in liquid nitrogen. There is no sign of transitions at

lowed by a cooling curve down to 180 K. Furthermore, since,4 K or at 300 K or any evidence for hysteretic behavior other
the reported hysteresis does not affect the 260 K anomalynan the small displacement of the anomalies, all of which have

we chose MDSC conditions which maximized the signal topeen variously reported in the literature.

noise and minimized the total time, at the expense of possi-

bly distorting the anomalynamely,R, A, andr = 2 K/min, ~ portant ingredient. We speculate that the splitting of @e

0.2 K, and 1 min, respectivelyThe results are shown in Fig. anomaly is due to a second-order phase, stable only over a

7. Clearly there is no evidence for any hysteresis beyond theery small temperature interval and driven Ibypoint rather

small offset between freezing and melting onsets as dethanX-point fluctuations. This phase would presumably have

scribed above. yet a third molar voluméi.e., different from both the PF and
Aside from the< 1 K splitting of the main transition, we HF orientations inPa3) and would thus affect the elastic

find no evidence for a second transition at 30GRef. 24,  properties’ as well as the heat capacity. This speculation can

or for one at 240—248 K5>?®the latter having been directly be tested in a straightforward but tedious manner by careful

correlated with stacking faulté.0n the other hand, the over- measurements of thie-point diffuse scattering at tempera-

all agreement between our MDSC-deriv€g and a recent tures very close td@ ,.

single-crystal measurement using the heat pulse relaxation
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method® is excellent. To date, calculations 6f, based on ACKNOWLEDGMENTS
thermodynamic models fail to reproduce the overall behavior This work was supported by the National Science Foun-
of Cp(T) very well#142 dation MRL Program, Grant No. DMR91-20668. We ac-

The results reported here, along with several recenknowledge illuminating discussions with P. A. Heiney and
publications3%34*537syggest that the “standard model” of A. B. Harris, and thank R. M. Strongin for performing the
orientational correlations in solid &g is still missing an im-  HPLC analyses.

1J. E. Fischer and P. A. Heiney, J. Phys. Chem. Sdi#js1725  ’S. Liu, Y. J. Lu, M. M. Kappes, and J. A. Ibers, Scier2%, 408

(1993. (1992).
2). D. Axe, S. C. Moss, and D. A. Neumann,Solid State Phys-  8J. P. Lu, X.-P. Li, and R. M. Martin, Phys. Rev. Le@8, 1551

ics, Vol. 48, edited by H. Ehrenreich and F. Spaep&oademic, (1992.

New York, 1994, p. 150. M. Sprik, A. Cheng, and M. L. Klein, J. Phys. Che®6, 2027

3p. C. Chow, X. Jiang, G. Reiter, P. Wochner, S. C. Moss, J. D. (1992.
Axe, J. C. Hanson, R. K. McMullan, R. L. Meng, and C. W. °T. Yildirim, in Progress in Fullerene Researgbdited by H. Kuz-
Chu, Phys. Rev. Let69, 2943(1992. many, J. Fink, M. Mehring, and S. RotiWorld Scientific, Sin-
4P. A. Heiney, J. E. Fischer, A. R. McGhie, W. J. Romanow, A.  gapore, 1994 p. 162.
M. Denenstein, J. P. McCauley, Jr., A. B. Smith Ill, and D. E. 11G. C. La Roccea, Europhys. Le®5, 5 (1994).
Cox, Phys. Rev. Leti66, 2911(1991. 12p. Dworkin, H. Szwarc, S. Leach, J. P. Hare, T. J. Dennis, H. W.
SW. I. F. David, R. M. Ibberson, J. C. Matthewman, K. Prassides, Kroto, R. Taylor, and D. R. M. Walton, C. R. Acad. Sci. Paris
T. J. Dennis, J. P. Hare, H. W. Kroto, R. Taylor, and D. R. M. 31211, 979 (19917).

Walton, Nature353 147 (1991). 13T, Matsuo, H. Suga, W. I. F. David, R. M. Ibberson, P. Bernier,
5R. Sachidanandam and A. B. Harris, Phys. Rev. L&ft.1467 A. Zahab, C. Fabre, A. Rassat, and A. Dworkin, Solid State
(1991; A. B. Harris and R. Sachidanandam, Phys. Rev® Commun.83, 711(1992.

4944(1992. 14E. Grivei, B. Nysten, M. Cassart, J-P. Issi, C. Fabre, and A.



11424 J. E. FISCHERet al. 53

Rassat, Phys. Rev. B7, 1705(1993. 29M. M. Haluka, H. Kuzmany, M. Vybornov, and P. Rogl, Appl.
15T, Atake, T. Takana, H. Kawaji, K. Kikuchi, K. Saito, S. Suzuki,  Phys. A56, 161 (1993.

I. Ikemoto, and Y. Achira, Physica €85-189 427 (1991). %0p_ Dolinaret al, in Physics and Chemistry of Fullerenes and
18J. de Bruijn, A. Dworkin, H. Szwarc, J. Godard, R dla, C. Derivatives edited by H. Kuzmany, J. Fink, M. Mehring, and S.

Fabre, and A. Rassat, Europhys. Lé#, 551 (1993. Roth (World Scientific, Singapore, 1995p. 35.

7). E. Fischer, D. E. Luzzi, K. KnigzA. R. McGhie, D. A.  3ly | F.David, R. M. Ibberson, T. J. S. Dennis, J. P. Hare, and K.
Ricketts-Foot, W. R. Romanow, G. B. M. Vaughan, P. A. Hei-  pragsides, Europhys. Lett8, 219 (1992.
ney, D. Li, A. L Smith, R. M. Strongin, M. A. Cichy, L. Brard, s2p a Heiney, G. B. M. Vaughan, J. E. Fischer, N. Coustel, D. E.
" and A. B. Smith lll, Phys. Rev. B7, 14 614(1993. Cox, J. R. D. Copley, D. A. Neumann, K. M. Creegan, D. M.
G. A. Samara, J. E. Schirber, B. Morosin, L. V. Hansen, D. Loy, Cox, J. P. McCauley, Jr., and A. B. Smith Ill, Phys. Rev4®
and A. P. Sylwester, Phys. Rev. Le#Z, 3136(199)). 45441992
19 : . i )
G. Kriza, J.-C. Ameline, D. Jerome, A. Dworkin, H. Szwarc, C. ; .
Fabre. D. Schuta, A. Rassat, and P, Bernier, J. Fifyance | 3W. A. Kamitakahara, J. R. D. Copley, R. L. Cappelletti, J. J.
) T ' ' T Rush, D. A. Neumann, J. E. Fischer, J. P. McCauley, Jr., and A.

1, 1361(199)). . . )
205 A, Samara, L. V. Hansen, R. A. Assink, B. Morosin, J. E. B. Smith IIl, in Novel Forms of Carbgnedited by C. L.

Schirber, and D. Loy, Phys. ReB47, 4756(1993; R. A. As- Renchler, J. J. Pouch, and D. M. Cox, MRS Symposia Proceed-
sink, J. E. Schirber, D. A. Loy, B. Morosin, and G. A. Carlson, ~ NgS No. 270(Materials Research Society, Pittsburgh, 1992
J. Mater. Res7, 2136(1992. » 167. _

21A. Dworkin, H. Szwarc, and R. @din, Europhys. Lett22, 35 W. I. F. David and R. M. Ibberson, J. Phys. Condens. Mditer
(1993. 7923(1993.

22G B, M. Vaughan, Y. Chabre, and D. Dubois, Europhys. 13%t.  --D. C. Wright and N. D. Mermin, Rev. Mod. Phy1, 385(1989.
525 (1995. 36p_ | aunois, S. Ravy, and R. Moret, Phys. Re\6B5414(1995.

237, R. McGhie, J. E. Fischer, P. W. Stephens, R. L. Cappelletti, D.’L. Pintschovius, S. L. Chaplot, G. Roth, and G. Heger, Phys. Rev.
A. Neumann, W. H. Mueller, H. Mohn, and H.-U. ter Meer, Lett. 75, 2843(1995.

Phys. Rev. B49, 12 614(1994). 383. A. Wolk, P. J. Horoyski, and M. L. W. Thewalt, Phys. Rev.
24H. Yang, P. Zheng, Z. Chen, P. He, Y. Xu, C. Yu, and W. Li,  Lett. 74, 3483(1995.

Solid State CommurB9, 735 (1994. 39G. van Tendeloo, S. Amelinckx, M. A. Verheijen, P. H. M. van
25A. K. Gangopadhyay, T. Kowalewski, and J. S. Schilling, Chem.  Loosdrecht, and G. Meijer, Phys. Rev. Led®, 1065(1992.

Phys. Lett.239, 387(1995. 40K, V. Devadhasan, D. V. Natarajan, J. Janaki, V. S. Sastry, Y.
26K. N. Madhusoodanan, G. E. Pitsi, and J. Thoen, Synth. Ktet. Hariharan, C. S. Sundar, A. Bharathi, M. C. Valsakumar, and T.

be publishegd S. Radhakrishnan, Solid State Comm@g, 715 (1994).
27B. Wunderlich, Y. Jin, and A. Boller, Thermochim. Ac288 277  *'R. Saito, G. Dresselhaus, and M. S. Dresselhaus, Phys. R&9;. B

(1994). 2143(1994).

2BTERM USA: FAX (707  632-5551, email “42S. Lapinskas, E. E. Tornau, and A. Rosengren, Phys. Re\8, B
temerin@sunspot.ssl.berkeley.edu 9372(1994).



