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Ne intercalated C60: Diffusion kinetics
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In situ neutron powder-diffraction has been used to probe the Ne content and diffusion kinetics in C60 by
monitoring the C60 lattice parameter vs time following step changes in applied Ne pressure. In the face-
centered-cubic phase where the C60 molecules are freely rotating, diffusion is slower for higher Ne pressure. In
the primitive cubic phase where the C60 molecules are orientationally ordered, the diffusion rate is slower and
is essentially independent of pressure. These observations can be understood in terms of three unequal com-
peting effects:~1! Increasing the external Ne pressure increases the driving force for diffusion;~2! compression
of the C60 lattice slows diffusion with increasing pressure; and, the major one,~3! C60 molecular dynamics
enables and enhances diffusion by a thermally activated ‘‘paddle wheel’’ effect. The activation energy for such
Ne intercalated C60 reorientational hopping or rotation~;1500 K or 13 kJ/mole! is less than that in pure C60

~;2600 K or 22 kJ/mole!, suggesting the Ne atoms act as ‘‘roller bearings.’’@S0163-1829~99!01309-0#
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INTRODUCTION

Fullerenes have been shown to intercalate various gas
different rates and this has raised the possibility of empl
ing these materials as filters for gas separation.1–3 Early data
also showed that the orientational ordering transition te
perature is affected by the gases used under such pre
experiments and intercalated into the interstices.3–6 At the
face-centered-cubic~fcc in Fm3m) to simple cubic~sc in
Pa3) orientational ordering transition~260 K at ambient
pressure; between;2.4 and 3.2 kbar at room temperature!,
the motion of the C60 molecules changes from essentia
free, uncorrelated rotation to hopping between two sim
energy, but distinct, orientations.7–9 For the inert gases He
Ne, and Ar at 0–6 kbar pressure and room temperature,
transition was shown to occur at a pressure which is high
for He, intermediate for Ne, and smallest for Ar, but at t
same lattice parameter, equal to 14.042 Å, the average o
fcc and sc values at the transition.4–6 This may be compared
with the corresponding 14.125 Å value9 found on cooling
pure C60 at 1 bar. At room temperature, Ar did not intercala
while He was shown to do so easily.10 With Ne, the interca-
lation kinetics were of the order of hours, so that insert
could be monitored using lattice parameter changes a
function of time following step changes in Ne pressu
Some unusual diffusion kinetics during loading and unlo
ing Ne were observed prompting the present studies to b
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understand the contribution of the C60 dynamics to interca-
lation kinetics.

EXPERIMENTAL AND DATA EVALUATION

C60 ~99.6% nominal purity! from commercial sources wa
sieved to remove larger particles~.0.105 mm! and then sub-
jected to slow progressive heating in vacuum up to 500
for several days in order to remove all solvents and occlu
N2 and O2. The powdered sample~; 3 g! was loaded into a
thin walled vanadium tube which was inserted into the a
minum pressure vessel cooled by a Displex refrigerator~de-
scribed in detail elsewhere11!. Data were collected at variou
temperatures on the 90 degree detector banks of the Sp
Environment Powder Diffractometer at Argonne Nation
Laboratory’s Intense Pulsed Neutron Source~IPNS!.12 Due
to shielding that is an integral part of the pressure cell, t
scattering angle provides data that are completely free f
direct diffracted scattering from the walls of the cell whic
would contribute to the background scattering. Correctio
were included in our Rietveld refinements for the expec
large disorder background scattering13 resulting from the
motion of the C60.

In our previous series of experiments in which Ne w
used as the pressure medium, it was established that inte
lation occurred over times of hours, requiring more than 2
to reach equilibrium at the highest pressures~; 6 kbar! and
6051 ©1999 The American Physical Society
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6052 PRB 59B. MOROSINet al.
substantially less time~; 5 h! at pressures within the rang
of the fcc phase~,2.4 kbar at 300 K!.5–7 Further, our pre-
vious study showed that the lattice parameter value a
given pressure was reproducible from either direction,
creasing or decreasing pressure of arbitrary step size
waiting for the intercalation to proceed to completion. F
the present study, after making step changes in pressure~for
example, from either a beginning 1 bar pressure or so
other already attained pressure!, time-of-flight diffraction
data were collected in sequential short-time runs to mon
the time-dependent change of the lattice parameter as i
proached an equilibrium value~for an example, see Fig. 3 o
Ref. 5!.

The entire set of points for the lattice parametera at time
t for a particular pressure change run were least-squares
the function

a~ t !5a01~af2a0!exp~2t/t!,

wherea0 is the lattice parameter for C60 at the beginning of
the run~usually that with no intercalated Ne!, af is the final
lattice parameter at long times, achieved when C60 is loaded
to its solubility limit with Ne at the experimental pressur
andt is a time constant for the intercalation.a0 , af , andt
are all functions of pressure. This function is the simpl
form of the standard equation that expresses the average
centration of a diffusing species inside a spherical particle
a function of time as the diffusing species enters the part
from the surface. This equation may be applied to the pr
lem of Ne diffusion into C60 and fits the lattice paramete
data reasonably well. It is based on the following assum
tions:

~a! The C60 particle size is nominally the same for a
particles in the sample and does not change during the co
of the experiment. It is believed that this assumption is fa
well met after the first loading to maximum pressure~6 kbar!
and subsequent release at room temperature~see below!.

~b! The lattice parameter of intercalated C60 is a linear
function of the Ne content. Our previous study~Fig. 4 of
Ref. 5! showed a linear expansion of the lattice when
repulsive contribution of the Ne exceeded that of the attr
tive force between the C60 at a Ne content of;20%.

~c! The gradient of Ne concentration from the surface
the interior of the particle can be ignored. This gradient giv
rise to a strain in the particles during the loading process
the volume increases which results in broadening of the
fraction peaks and is evident during early times of typi
runs. As the particles become homogeneous, the p
sharpen. Figure 1 shows such peak width broadening vs
for a typical run. The peak width increases by about 50
reaching a maximum at an elapsed time of approxima
t /2 and then relaxes to its normal value at longer times. T
change in peak width is easily fit as part of the data analy
and the refined lattice parameter is a valid measure of
average Ne concentration inside the C60 particle at all times.
This behavior of the peak width confirms that diffusion i
side the C60 particle, not a surface barrier effect, is the lim
iting step in the intercalation process.

~d! No subtle phase transitions nor changes in the mec
nism by which Ne intercalates occur as a function of conc
tration or pressure. This assumption may not be met c
pletely. On the higher pressure runs some reproduc
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oscillatory patterns ofa vs t were noted during the interca
lation process. Figure 2 illustrates this behavior for seve
runs at pressures above 3.5 kbar in the sc phase. The ch
ing lattice parameter appears to hesitate at particular va
as if the system is undergoing a ‘‘staging’’ process. It
noted, however, that no weak diffraction lines indicating
multiple cell nor intensity changes suggesting a structu
modification were seen in any of the data.

The study is instrument-time-intensive which limited th
number of runs. In addition there were constraints set by
cell with respect to its high pressure and high-temperat
limit, by the phase diagram with its fcc-sc transition, and
the slower kinetics of the sc phase at lower temperatu
Our data reported here primarily consist of runs at ro
temperature with various increasing and decreasing pres
jumps, but also include selected experiments at 200, 2
265, and 340 K, which allow an estimate of the activati
energy of the intercalation process to be made.

RESULTS AND DISCUSSION

A. Intercalation dynamics

Several qualitative features of the intercalation proc
were immediately seen in our early room-temperature wo

FIG. 1. Peak width parameter vs time for a typical run. Pe
broadening occurs during early times of the intercalation proc
but narrows again as the particles become homogeneous in Ne
centration.

FIG. 2. Lattice parameter vs time for C60 samples exposed to N
at pressures above 3.5 kbar in the sc phase. Note the oscilla
behavior ofa vs t in several experimental runs.
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PRB 59 6053Ne INTERCALATED C60: DIFFUSION KINETICS
Namely, that the diffusion of the Ne into C60 ~loading! in the
fcc phase is slower for larger Ne pressure steps, that
diffusion in the sc phase is much slower than in the
phase, and that the diffusion out of the pressurized C60 ~un-
loading! is extremely rapid. Figure 3 compares the time co
stants obtained in fitting runs of the lattice parameters
various loading steps from 1 bar at room temperature~300
K!. There is a marked difference in the behavior of the ti
constantst with respect to Ne pressure in the two phases;
large pressure dependence seen in the fcc phase is abs
the sc phase. Within the error of the measurements, the
for t vs pressure in the fcc phase can be fit by a straight l
Based on the ideas used to explain the pressure depend
discussed below, it is likely thatt becomes rapidly larger a
the fcc-sc transition is approached; but, no data to test
hypothesis is available. Figure 3 also shows ourt values in
the sc phase. Theset values are significantly larger tha
those determined for the fcc phase. Also thet values show
somewhat larger statistical errors than those for the
phase. This may result, in part, from run truncation at lo
times and/or from unexplained jitter of the lattice parame
points at the beginning of some, but not all, of the hig
pressure runs; the other possible contributing factor was
possible ‘‘staging’’ effect noted above. The least-squares
line shown in Fig. 3 through these sct values shows essen
tially no pressure dependence.

With no intercalated Ne, the fcc-sc transition occurs o
the pressure range 2.4–2.7 kbar.4 With Ne intercalation at
the solubility limit, the transition occurs over the pressu
range 2.9–3.2 kbar. Thus, for partial intercalation, the tr
sition can be anywhere in the pressure range 2.4–3.2 k
Measurements of the intercalation kinetics cannot be mad
this pressure range because the fcc-sc transition will occu
some time during the intercalation process, producing
change in the lattice parameter that has a larger effect
that resulting from the intercalation process. This press
range is indicated as a mixed-phase region in Fig. 3.

The intercalation process can be understood in term
competing pressure-dependent effects: Increasing the e
nal Ne pressure~a! increases the driving force for diffusio
~the usual definition of diffusion of the flux being propo
tional to the gradient of concentration! but also~b! reduces

FIG. 3. Time constant for loading Ne into C60 at room tempera-
ture as a function of loading pressure. An increase int values is
noted at theFm3m(fcc)-Pa3(sc) orientational ordering transition
The width of the two-phase region is taken from our previous st
~Ref. 4!.
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the space between the nearly incompressible C60 molecules
constricting the paths for Ne diffusion. Additionally, pre
sure could have a pronounced effect on the contribution
C60 rotational motion to the Ne diffusion. The rotating C60
molecules may be viewed as ‘‘paddle wheels,’’14 which as-
sist the Ne through the narrow channels between the oct
dral sites ~and through tetrahedral sites, which rema
empty5!. In the fcc phase below 2.4 kbar, the C60 molecules
are essentially rotating freely. Results at 1 bar demonst
that even at 280 K, the C60 molecular rotation is very rapid
with reorientational correlation times8 around 9310212s.

In the sc phase, the C60 molecules no longer rotate freely
they are hopping between two positional orientations of
proximately equal energy.7 One of these orientations corre
sponds to a structural packing arrangement with the lo
energy~though curiously larger volume! which involves hav-
ing electron-rich interpentagon double bonds pointing
wards electron-poor pentagonal faces of neighboring60
molecules. For the marginally higher energy~;122 K or
1.06 kJ/mole! orientation, these double bonds point towar
electron-poor hexagonal faces.7 These two orientations wer
shown to be reached by hops of;42° about̂ 110& directions
with an activation energy of some 2600 K~22.6 kJ/mole!, a
magnitude with significant implications for the reorient
tional correlation times which followed an Arrheniu
behavior.7 At 1 bar and 260 K, the reorientational correlatio
times7 are of the order of 1029 s; thus, the onset of the tran
sition involves a hundredfold increase of the reorientatio
correlation times.

The most important contribution to Ne diffusion is the C60
molecular rotation. While in the fcc phase, there is a ra
free rotation; in the sc phase, there are rapid hops of lim
rotational angle separated by comparatively long times w
the molecule rotationally liberates around a particular ori
tation. The next hop is just as likely to be in the positi
direction ~i.e., same direction as the last hop! or negative
direction. Thus, regardless of the reorientational correlat
time, such a hopping does not contribute to Ne diffusion i
way that is qualitatively the same as for complete free ro
tion. This means that the paddle wheel mode of diffusion
not operative in the sc phase. This lack of rotation in the
phase provides a qualitative explanation for the longer dif
sion time constants~Fig. 3!.

Data for the sc phase provide a measure of the compe
pressure-dependent effects of increased driving force for
diffusion and constriction of the diffusion paths with increa
ing pressure. The near zero pressure dependence oft in the
sc phase suggests that these two effects cancel one ano
Since the lattice compression is essentially identical in
fcc and sc phases@(da/dP)/a50.0026 kbar21 in the fcc
phase and 0.0023 kbar21 in the sc phase#, it is logical to
assume that these two effects also cancel one another in
fcc phase. Note that since the C60 molecules are nearly in
compressible, most of this lattice compression is subjec
upon the channel dimensions corresponding to a signific
reduction of;10% over the pressure range of our expe
ments~0–6 kbar!. Thus, the pressure dependence oft in the
fcc phase must be attributed to the effect of pressure on
contribution of C60 molecular rotation to the Ne diffusion
process. It is proposed that increased pressure reduce
rotation rate, decreasing the Ne loading rate. Although th

y
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6054 PRB 59B. MOROSINet al.
are no measurements of the rotation rate vs pressure,
clear that it must decrease upon approaching the fcc-sc
sition, where free rotation stops altogether. Measuring
pressure dependence oft just below the fcc-sc transition
where the pressure dependence of the rotation rate woul
expected to be largest, would provide a better test of
hypothesis, but data cannot be taken in this pressure ra
because of the mixed-phase region created by the fcc-sc
sition ~as discussed above!.

As noted above, the intercalation of the Ne of nomin
radius 1.12 Å~as well as He with a nominal radius of 0.9
Å!15 involves its passage through the narrow channels~ra-
dius ;0.82 Å if C60 molecules are considered as rig
spheres! between the octahedral sites. Near room tempe
ture, thermal motion normal to the rotating molecule
present with a root-mean-square displacement of the orde
0.03 Å, but would only account for a small contribution
the channel radius. However, the C60 molecules are not ac
tually rigid spheres. The center of the pentagonal faces
;0.29 Å inside the surface of the sphere defined by
maximum radius. Thus, if the C60 molecules rotate, the chan
nel size can vary from 0.82 Å to a radius which probab
exceeds;1.11 Å, sufficient to allow Ne but not Ar~nominal
radius 1.54 Å! to intercalate near room temperature.16 In fact,
since the centers of these pentagonal faces are electron
there should be dimples into the polyhedra of size somew
deeper than the 0.29 Å just mentioned. This significant
parture from a sphere for the C60 molecules may be viewed
as slots or buckets in a ‘‘paddle wheel’’ which effective
sweeps the Ne either into or out of the lattice. The C60 mo-
lecular dynamics is responsible for enabling and enhanc
diffusion by this paddle wheel effect and is the major co
tribution to the observed diffusion rates. As the phase tr
sition is approached, either the rotation rate decreases o
effectiveness of the paddle wheels is hindered in some o
way; this results in the increase in thet values.

As indicated above and irrespective of pressure~or
phase!, the unloading runs of Ne from C60 at room tempera-
ture ~five runs from the sc phase; four from the fcc pha!
were all sufficiently rapid to yield lattice parameters whic
though showing large scatter at early times, always wer
the vicinity of the 300 K, 1 bar value. This fast unloading
expected. Figure 3 predicts a very fast diffusion at zero p
sure. In addition, as the unloading process is initiated,
lattice is expanded because of the intercalated C60 with its
very high internal Ne pressure further increasing the unlo
ing rate. For modestly lower temperatures where both the
jump frequency and paddle wheel dynamics are significa
slower, unloading times are sufficiently long that they can
experimentally measured and employed to determine the
tivation energy of this process~see below!; with decreasing
temperature,t increases.

The reorientation correlation times given above are de
minations at 1 bar and the magnitude of their pressure
pendence could only be qualitatively inferred; thus, an al
nate approach towards accounting for the lower limits for
diffusion might be useful. Assuming our particles of nomin
0.1 mm size are spherical, one can determine that the num
of octahedral sites on the surface is;3.331010, which act as
the sites for the injection of the Ne atoms into the parti
interior with its ;0.631015 empty octahedral sites. Thu
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the ratio of empty to injector sites or the number of injectio
needed (;23104) poses no problem, even with the 260
1029 s reorientation correlation time rate in the sc phase
long as hops are driven towards empty sites. Our longet
values ~;6 h or 23104 s in the sc phase! would require
hopping times to be only of the order of 1025 s to fill the
sites. The external Ne pressure serves as a driving force
intercalation as long as the empty space within the lat
remains. This space, including the channel, octahedral,
tetrahedral sites, can be determined from the lattice par
eter and the size of the C60 molecule and is;160 Å3/C60,
sufficiently large to accept the Ne atoms. However, the pr
ence of the Ne contributes a small repulsive force within
lattice. This was determined in our previous study on s
occupancy,5 which showed after 20% occupancy, a line
expansion of 0.1% over the 3 kbar range to completely
the octahedral sites. This expansion is only 1/6th of that
sulting from the compression by 1 kbar pressure. Howev
this empty lattice space is a sufficient driving force to ov
come the repulsive force that the Ne atoms contribute to
lattice at occupancy levels of;20%. The atomic level de-
tails for the lattice suggest that the paddle-wheel C60 dynam-
ics dominate the other effects contributing to the interca
tion process.

From our loading and unloading runs and the comme
above, a physical picture emerges. When C60 is initially pres-
surized with Ne at room temperature and low pressu
~,2.4 kbar!, the C60 molecules are compressed, but rema
freely rotating, with their reorientation rate slightly reduce
and, hence, a reorientational correlation time which is
creased. The lattice remains fcc. Thet values are small. Ne
atoms are intercalated into the crystallites by the pad
wheel effect, resulting from the small departure from perf
sphericity of the C60 molecules. With Ne introduction in the
outer portions of the C60 crystallite, a slight volume expan
sion occurs which broadens the diffraction lines of the inh
mogenously distributed Ne crystallite. Intercalation a
paddle wheel induced hopping continue until equilibrium
the appropriate Ne occupancy is attained throughout
crystallite volume for the given gas pressure~Fig. 3, Ref. 5!.
At this point, the C60 lattice becomes homogenous and t
diffraction peak widths reduce to a value similar to the
initial value. As the pressure approaches that of the fcc
transition, the pressure effect becomes more nonlinear w
respect to the molecular rotation rate, which is significan
decreased or impeded. Thet values rapidly increase. Th
onset of the transition is occurring with a marked reduct
of the rotation rate. At pressures greater than 3.2 kbar,
C60 molecules have become more ordered with a transi
from the fcc to the sc lattice accompanied by a small, 1
volume reduction and a discontinuous drop in the reorien
tion correlation time. Rather than freely rotating, the C60
molecules now hop between the two positional orientatio
at a much slower, at approximately onehundredth the r
The continuous paddle wheel mode of diffusion is not ope
tive in the sc phase. Thus, the intercalation times beco
much longer, witht about three times that for the higher fc
values. Here, there is little pressure dependence of the60
molecular hopping rate. Thet values remain constant as th
other effects contributing to diffusion cancel each other. F
the intermediate pressure range between 2.4 and 3.2 kba
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PRB 59 6055Ne INTERCALATED C60: DIFFUSION KINETICS
gas pressure is initially sufficient to force the transition to
to occur, but as Ne is intercalated and reaches equilibr
with near full occupancy of the octahedral sites, the latt
reverts to the fcc phase. Overall, increasing the externa
pressure increases the driving force for intercalation, but
resulting compression of the C60 lattice slows the diffusion
into the crystallites. However, these effects are small co
pared to the C60 paddle wheel dynamics. Temperature a
alters the reorientation times and the lattice size, with low
temperatures having a similar, but not identical, effect
increasing pressure.

Upon pressure release at room or higher temperat
from either the fcc or sc phase, the Ne intercalated C60 lattice
expands to a value slightly larger than that for pure C60 at the
appropriate Ne pressure. Simultaneously, the reorientati
correlation time is dramatically decreased to the 1 bar~or
possibly a lower value! with a corresponding increase in th
paddle wheel rate; the Ne is unloaded from the C60 in a time
comparable to the lower limit of diffraction data acquisitio
~300–600 s!. For modestly lower temperatures, unloadi
times are sufficiently longer that they can be determined,
these are employed in determining the activation energy~see
below!. As expected on unloading,t increases with decreas
ing temperature.

B. Activation energy

Only limited data are available to obtain an activati
energy for Ne intercalation into C60. For the sc phase, thi
consists of thet values for runs at 240 and 265 K togeth
with that from an extrapolated point~for 300 K, 1.5 kbar!,
which may be obtained by extrapolating the sc phase be
ior into the fcc phase~see Fig. 3!. Since thet pressure de-
pendence in the sc phase is near zero, this should intro
no error. From the Arrhenius equation,

t~T!5A exp~2E/kT!,

wheret depends on the temperatureT,A is a constant related
to frequency factor in the diffusion process,E is the activa-
tion energy, andk is the Boltzmann constant. The leas
squares fit~Fig. 4! of our t values yieldsE51400(400) K
@12~3! kJ/mole# for the sc phase, the large uncertainty inE
resulting from the use of only threet values. TheE value is

FIG. 4. Qualitative determination of the activation energy
loading Ne into C60 for the low-temperaturePa3 structure. The
solid line is a least-squares fit to the data.
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smaller than that for pure C60, but is quite reasonable. Th
presence of the Ne expands the C60 lattice compared with
that for pure C60 pressurized by a nonpenetrating gas,4 such
as Ar, and this should reduce the energy barrier for hopp
between the two different orientational configurations. No
that this lattice expansion occurs despite the fact that
octahedral site can easily accommodate the Ne, i.e., the N
acting as a repulsive rather than an attractive force. O
might alternatively view the presence of Ne as ‘‘roller bea
ings’’ between the C60 molecules in reducing the activatio
energy. A similar situation exists in methane17 intercalated
C60. In this case, pressure is not necessary to maintain
intercalant in the lattice sites,16 so that the lattice expansio
from repulsive interaction is evident at ambient pressure,
the roller-bearing effect results in an orientational order
temperature depressed 20–25 K.17

For the fcc phase, our experimentally determinedt value
is limited to that for 340 K~loaded to 4.1 kbar!. One then
must again extrapolate a point~at 300 K, 4.1 kbar! in the
‘‘extended’’ fcc phase in order to obtain a qualitative val
for the activation energy in this phase. In this case,t is
pressure dependent and the least-squares fit line show
Fig. 3 was used for the extrapolation. It is noted that the 3
K point is sufficiently away from the phase boundary, tak
as the midpoint between that determined with He and a n
penetrating fluid, that it cannot be considered within the o
set of the transition.3 Using only these two values oft results
in E51600(1000) K@14~9! kJ/mole#; notwithstanding large
fitting errors, this qualitative value is similar to that dete
mined for the sc phase.

As indicated above, the unloading runs of Ne from C60 at
room temperature were all too rapid to yieldt values. On the
other hand, for runs below 265 K, lattice parameter values
three runs were obtained which could be fit with the latt
parameter expression given above yieldingt values on un-
loading. Theset values yield an extremely qualitative leas
squares fit; hence, this results in an expected large error
respect to the resultingE value. On unloading of Ne from the
C60, E51200(1800) K@10~16! kJ/mole#, lower than upon
loading. One would have expected that the lattice, due to
essentially filled octahedral site, would expand upon press
release, as indeed the early time values of the lattice par
eter data shows, and that this would increase the pa
wheel rate of the C60 molecules. Thus, the magnitude forE
on unloading is reasonable.

CONCLUSIONS

Although the present study may be viewed as only
initial look at the diffusion kinetics of Ne in C60, several
interesting facts have emerged. The significant pressure
pendence oft on loading in the fcc phase is in sharp contra
to that in the sc phase as is the diffusion kinetics dur
loading compared to unloading. The C60 molecular dynamics
plays a major role in explaining our observed intercalat
rates. In addition, competing effects involve the increase
the external Ne pressure increasing the driving force for
fusion while compression of the C60 lattice primarily reduces
channel dimensions, slowing diffusion with increasing pre
sure. As the Ne pressure approaches pressures requir
induce the orientation ordering transition, the C60 molecular
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dynamics are strongly affected, with a marked decreas
the C60 molecular rotation rate. The pressure dependence
the C60 molecular dynamics near the onset of the transit
explains the large differences in the diffusion kinetics. O
unloading, the intercalated Ne present in the C60 expands the
lattice, enhancing the ‘‘roller-bearing’’ effect.18 At room
temperature the C60 molecular dynamics quickly unloads th
Ne at times too rapid to be experimentally determined by
diffraction technique; at lower temperatures, this unload
occurs with a marked increase in the C60 reorientational cor-
relation times, allowing an assessment of the activation
ergy for this process.

There are several interesting observations which need
ther study. For example, the deviations of our loading d
from the lattice parameter expression used to fit it are
nificant and reproducible. In particular, in the runs at high
pressure, the lattice parameter,a(t), oscillates in a reproduc
ible way around the smooth curve expected for a single
fusion mechanism. Such oscillations could result from sub
transitions between different configurations for the inter
lated Ne—perhaps analogous to the staging transitions
occur for various species incorporated into graphite. Unf
tunately, no direct evidence for the superstructures
would be associated with such phases have been observ
our diffraction data. A more sensitive structural probe will
required to investigate this.

Understanding gained on considering the C60 molecular
dynamics on the Ne intercalation suggest that this is also
reason for the large 20% Ne octahedral site occupancy
bar.5 This puzzling Rietveld refinement result was origina
explained by us as scattering from possible impurities in
gas source, though other conflicting experimental det
.
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were offered which counter this.5,19 From our present under
standing, the octahedral site occupancy results from the
by which the paddle wheels intercalate Ne atoms in the
phase. This rapid intercalation is aided by the empty volu
within the lattice and is eventually balanced by the repuls
force, contributed by the Ne presence as the concentra
reaches;20%, which begins to expand the lattice.

The C60 molecular dynamics enables and enhances di
sion by a thermally activated ‘‘paddle wheel’’ effect assis
ing diffusion of Ne through the narrow 0.82 to 1.11 Å cha
nels between the octahedral sites. Within our expres
limitations, the process for both phases yield about eq
values of the activation energy on loading; this value is
reasonable agreement to that for the reorientational ba
between the structural configurations of pure C60 in the sc
phase. Our much lower value~;1500 K or 13 kJ/mole! for
the activation energy compared with that for pure C60
~;2600 K or 22 kJ/mole! ~Ref. 7! may be rationalized on the
basis of the slightly expanded lattice when Ne is present
which Ne may be viewed as acting like ‘‘roller bearings
between the C60 molecules.

ACKNOWLEDGMENTS

This work is supported by the U.S. Department of Ener
~DOE! at Sandia National Laboratories under Contract N
DE-AC04-94AL85000, and at Argonne National Laborato
under Contract No. W-31-109-ENG-38, and at Los Alam
National Laboratory under Contract No. W-7405-ENG-3
IPNS at Argonne and LANSCE at Los Alamos are funded
national user facilities by the DOE Office of Basic Ener
Sciences, Division of Materials Sciences.
,
nol.

B.

d, J.
J.

A.

ls,

e,

lues
on
ay

aal
re

ta
1R. A. Assink, J. E. Schirber, D. Loy, B. Morosin, and G. A
Carlson, J. Mater. Res.7, 2136~1992!.

2J. E. Schirber, B. Morosin, and R. A. Loy, Comments Conde
Matter Phys.16, 213 ~1993!.

3G. A. Samara, L. V. Hansen, R. A. Assink, B. Morosin, J.
Schirber, and D. Loy, Phys. Rev. B47, 4756~1993!.

4J. E. Schirber, G. H. Kwei, J. D. Jorgensen, R. L. Hitterman, a
B. Morosin, Phys. Rev. B51, 12 014~1995!; this paper over-
looked the work of Davidet al. ~Ref. 7 below! which employed
Ar as a pressure medium and gave a value for the bulk mod
in excellent agreement.

5B. Morosin, J. D. Jorgensen, S. Short, G. H. Kwei, and J.
Schirber, Phys. Rev. B53, 1675~1996!.

6G. H. Kwei, J. D. Jorgensen, J. E. Schirber, and B. Moros
Fullerene Sci. Technol.5, 243 ~1997!.

7W. I. F. David and R. M. Ibberson, J. Phys.: Condens. Matte5,
7923 ~1993!; see also W. I. F. David, R. M. Ibberson, J. C
Matthewman, K. Prassides, T. J. S. Dennis, J. P. Hare, H.
Kroto, R. Taylor, and D. R. M. Walton, Nature~London! 353,
147 ~1991!.

8W. I. F. David, R. M. Ibberson, and T. Matsuo, Proc. R. So
London, Ser. A442, 129 ~1993!.

9W. I. F. David, R. M. Ibberson, T. J. S. Dennis, J. P. Hare, and
Prassides, Europhys. Lett.18, 219 ~1992!.

10Above room-temperature various species, including Ar, h
.

d

us

.

,

.

.

.

e

been shown to intercalate into the C60 lattice and form stable
compounds; see Samaraet al. ~Ref. 3!; G. E. Gadd, M. James
S. Moricca, P. J. Evans, and R. L. Davis, Fullerene Sci. Tech
4, 853 ~1996!; see Morosinet al. ~Ref. 17!.

11J. D. Jorgensen, S. Pei, P. Lightfoot, D. G. Hinks, B. W. Veal,
Dabrowski, A. P. Paulikas, and R. Kleb, Physica C171, 93
~1990!.

12J. D. Jorgensen, J. Faber, Jr., J. M. Carpenter, R. K. Crawfor
R. Haumann, R. L. Hitterman, R. Kleb, G. E. Ostrowski, F.
Rotella, and T. G. Worlton, J. Appl. Crystallogr.22, 321~1989!.

13J. R. D. Copley, D. A. Neumann, R. L. Cappelletti, and W.
Kamitakahara, J. Phys. Chem. Solids53, 1353~1992!; J. Phys.:
Condens. Matter5, 4353 ~1993!. See also M. Atoji, T. Wa-
tanabe, and W. N. Lipscomb, Acta Crystallogr.6, 62 ~1953!.

14M. L. Saboungi, J. Fortner, D. L. Price, and W. S. Howel
Nature~London! 365, 237 ~1993!.

15Nominal radii ~0.93, 1.12, and 1.54 Å, respectively, for He, N
and Ar! employed were taken from L. Pauling,The Nature of
the Chemical Bond, 3rd ed. ~Cornell University Press, 1960!,
Table 13-3 on crystal radii. The neutral charged noble gas va
lie between those of the adjacent negative and positive ions
either side of their Periodic Table positions. These values m
be thought of as ‘‘bound’’ atoms in contrast to the van der W
radii obtained from cell parameters of known low-temperatu
solids; from J. D. H. Donnay and H. M. Ondik, Crystal Da



ha

nt

iu
ir-

ad-

er

ated

the

PRB 59 6057Ne INTERCALATED C60: DIFFUSION KINETICS
~NBS & JCPDS, Washington, D. C., 1973!, these radii are
1.499, 1.572, and 1.878 Å, respectively, for He, Ne, and Ar.

16The importance of this channel size is illustrated by the fact t
C60 intercalated at higher temperatures with Ar or CH4 will form
stable materials; although the octahedral sites are sufficie
large to accommodate these intercalants, the C60 molecular dy-
namics cannot eject them because of this critical channel rad

17B. Morosin, R. A. Assink, R. G. Dunn, T. M. Massis, J. E. Sch
ber, and G. H. Kwei, Phys. Rev. B56, 13 611~1997!.
t

ly

s.

18Experiments which involved steps from an already achieved lo
ing to a higher pressure, for example, 1.03 kbar~in the fcc
phase! to 4.14 kbar~sc phase! with t51.0(0.2), appear to have
a strong contribution from the Ne repulsive force or the ‘‘roll
bearing’’ effect.

19Data subsequently taken on a sample of the vacuum heat tre
C60 at the Los Alamos Neutron Science Center~LANSCE!
proved that the initial octahedral site occupancy was zero on
material employed in the study.


