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PACS. 61.12G - Neutron diffraction techniques (e.g. powder, single erystal, energy dispersive,
and pulsed neutron source methods).

PACS. 64.70K - Solid-solid transitions.

PACS. 61.10F - Experimental techniques (ine. apparatus, techniques and ealeulation methods
for analysing experimental results).
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been measured to 25 GPa by energy-dispersive X-ray diffraction. The face-centred cubic
structure transforms irreversibly to a rhombohedral phase at 0.35 GPa. Crystalline Cy, is stable
to 18GPa when a phase change to amorphous carbon occurs. Cp has a slightly smaller
Mmu.mwdmmﬂmmummmmm
also been investigated by neutron diffraction. A transition to a rhombohedral phase oceurs near
mzmmrmmmmﬁngnmum&mm&mmofm
lowest-temperature phase appears to be lower than rhombohedral. On warming, the
rhombohedral phase is stable to 850 K. Strong static and dynamie disorder dominates the crystal
chemistry of solid Cqy.

Introduction. - Cqy is the second most abundant fullerene present in the soluble extract
from arc-processed carbon deposits [1,2]. Its molecular structure is that of an ellipsoid (point
group Dy,) with five different types of carbon in the ratio 1:1:1:2:2(2,3). In contrast to Ce,
mm:mmmﬂmmmmwmmmmlwl.
the structure and dynamies of solid Cy have not been fully elucidated. Early X-ray diffraction
and electron microscopy studies [7, 8] have revealed that both cubic closed packed c.c.p. and
hexagonal closed packed (h.c.p.) phases coexist, while a large concentration of defects is also
present. Information on the molecular dynamics of c.c.p. solid Cy has come from both
uSR [9,10] and neutron scattering [11] gtudies: uniaxial rotation about the long molecular
axis appears possible in the orientationally ordered phase even at ~ 100K, with re-
orientational disorder setting in gradually at —~ 160 K; anisotropy persists across the
transition to an orientationally disordered phase in the vieinity of 270 K, with the molecular
mﬁnnbﬁngmﬁdlyho&npk:tﬁ%&hmpeu&w&dmﬂmtummﬂnmm
mhrhmparformedanmemmnﬁtyhc.p.mucturﬂmudiﬁmﬁm[m—lllmdmmlm
phase transitions on cooling: first to a deformed h.c.p. structure followed by a transition to a
monoclinic structure. Severe faults and substantial disorder present in the face-centred cubic
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(f.e.c.) erystals have thus far precluded any detailed structural work on the majority c.e.p.
Cro phase.

We have prepared a bulk Cy sample with a room temperature f.c.c. structure and undertaken
a study of the pressure dependence of the crystal structure at ambient temperature nsing
energy-dispersive X-ray diffraction. A fe.c. — rhombohedral (z — 85.4(1)") phase transition
occurs at ~ 0.85 GPa with no f.c.c. phase present above — 1.0 GPa. A transition to an amorphous
carbon phase occurs gradually above ~ 11 GPa with no erystalline Cyy evident at > 18 GPa. We
have also performed a powder neutron diffraction study of the temperature dependence of the
crystal structure of Cs. On cooling, we find a phase transition at ~ 280K to the same
rhombohedral phase (x — 85.6(1)°), again consistent with molecular alignment along the [111)
crystalline direction. The phase coexistence region extends at least down to ~ 200 K. Below this
temperature, the profile remains unchanged and is consistent with a crystallographic phase of
lower symmetry than rhombohedral. On heating, the rhombohedral phase persists past the
transition temperature to temperatures as high as — 340K

Erperimental - The Cy powder was separated from Cg by alumina column chro-
matography using hexane as eluent. After washing with acetone, the solid extract was
recrystallised from benzene, It was then sublimed at 840 K using a small cylindrical furnace,
placed in a bell-jar high-vacuum system (10 ®Torr). In all, 500 mg of sublimed C+; crystalline
powder were produced in this way (= 985% Cy, = 1.5% Cg). The final treatment of the
sample involved extended annealing at 250°C (= 2 days) in sealed quartz tubes. The Cy
purity was established with infra-red and "*C NMR spectroscopy and X-ray powder
diffraction (Siemens D5000). Prompt y-ray neutron activation analysis [15] at the National
Institute of Standards and Technology, Gaithersburg (UUSA) gave a total hydrogen content of
0.046(71% by weight, ie. roughly one H atom for every three C; molecules,

The high-pressure energy-dispersive X-ray diffraction experiments at ambient
temperature were performed on Station 9.7 at the Synchrotron Radistion Source (SES),
Daresbury Laboratory (UK). Small samples of Cy, powder ((0.3 + 1.0) mg) were loaded in
INCONEL gaskets along with a pressure calibrant (NaCl powder) and a hydrostatic-
pressure medium (methanol/ethanol (4:1) mixture) in diamond anvil pressure cells.
Pressures as high as 256 GPa were attained. Employing an incident angle of 26 = 5.781° over
the energy range (10 + 50) keV allowed the separation of the Cq diffraction peaks from those
arising from the gasket. Neutron diffraction profiles were recorded between 5 and 470 K on
the high-resolution powder diffractometer (HRPD) at the ISIS Faeility, Rutherford
Appleton Laboratory (UK) with the sample at the low-resolution high-flux position over a
time-of-flight range (30 + 230) ms. The sample was placed either inside a cylindrical
{((5 +340) K) or a flat-window ({840 + 470) K) vanadium can in a continuous-flow helium
eryostat. Remarkably the measured diffraction profiles in backscattering mode (Ad/d =
=§8:10"%), covering a d-spacing range of (0.6 +82) A, showed virtually no Bragf peaks
present. Consequently only data collected with the 90° detector bank (Ad/d = 2-107") which
allowed aceess up to 5.7 A in d-spacing were used.

Results and discussion. = In fig. 1 we show typical laboratory X-ray diffraction (XRD)
profiles of two sublimed Cqy samples. Sample B is not single phase and the peaks may be
indexed assuming the presence of both a fee. (a=14943(1)A) and a rhombohedral
(a = 14.962) A, « = 85.7(1)°) phase. Sample A has been vacuum annealed and is essentially a
pure fee. (a = 14.898(6) A) phase. The sawtooth low-angle shoulder of the (111) peak is
indieative of the presence of stacking faults, reminiscent of the situation encountered in Cg.
In general, the proportion of rhombohedral contamination of the as-sublimed material was
found to vary randomly among different batches.
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Fig. 1. - X-ray diffraction profiles of Cy measured at room temperature using CuK=x radiation. B is a
mixture of & f.c.c. and a rhombohedral phase for the as-sublimed solid. A is the f.c.c. phase derived after
mmdﬂ.mnxmmmmmmmmmm:hemmm
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high-pressure ambient temperature measurements. At 0.1GPa (1 GPa = 10 kbar), the
structure is f.c.c. with a lattice constant a = 14.93%(6) A. The low-energy peak arising from
thahrgeconmntnﬁnnofamﬁngfuntaiangﬂndw'hrvhihh.%maprmﬁafﬂ.ﬂﬁGP:
(fig. 2b)) is reached, a second phase appears, characterised by the splitting of the fee. 111,
2920 and 811 peaks, and coexists with the f.c.c. phase. The new phase could be indexed using a
rhombohedral unit cell. When a pressure of 1 GPa is reached, no f.c.c. fraction remains. The
f.c.c. — rhombohedral phase transition is irreversible and, upon release of the pressure, Cy
is found in the rhombohedral phase. The change in the lattice parameters observed as a
function of pressure is shown in the inset of fig. 3; a monotonic decrease in a is observed for
both the fee. and rhombohedral phases, while the rhombohedral angle a does not
significantly change with increasing pressure, implying that the molecular orientation with
respect to the (111) crystalline direction changes little (average = 85.4(1)°). Our present
observations are consistent with an earlier report of the presence of a rhombohedral phase
above 1.2 GPa [16].

Only{nurdnupuhtawmuhtnmedfnrﬂmtmphmafcn.mmmeaquaﬁuno{
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curve for the rhombohedral phase up to 6 GPa is shown in fig. 8. The data were fitted well
(solid line) using the Murnaghan EOS [17); P = (K, /K )((Vy /V)™ — 1], where K, is the bulk
modulus, K is its pressure derivative (= dK,/dP), and V, is the unit cell volume at zero
pressure. K, was found to be 25(9) GPa (compressibility x = (4.0 +4)-107*GPa™') as
compared to 18.1(1.8) GPa for the simple cubic phase of Cg [18], making Cy a little less
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compressible than Cg. This may be related to the anisotropy of the Cyy molecules compared
to the quasi-spherical Cg units which can pack much more efficiently. The pressure
derivative K is 10.6(1.3) for rhombohedral Cyy (cf. 5.7(0.6) for Cgy). When pressures higher
than 6.5 GPa were applied, a progressive reduction of the intensities of the 311, 311, 113, and
222 reflections was observed and the solid appears to become more compressible. This may
be associated with a distortion of the rhombohedral unit eell, possibly driven by a reduced
shear strength arising from the anisotropic structure of the molecules. Further increase of
pressure to 11 GPa results in the irreversible appearance of an amorphous earbon phase;
complete collapse of the Bragg intensity occurs by 18 GPa with amorphous earbon present to
25 GPa.

The temperature evolution of the powder neutron diffraction profiles was first monitored
by cooling from 340 to 5 K. No low-symmetry distortion of the f.c.c. unit cell was apparent at
340 K. The first evidence of extra reflections appears at ~ (300 + 280) K when a small peak
starts growing on the low d-spacing side of the (220) reflection (fig. 4). On cooling, new peaks
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Fig. 2. - Energy dispersive X-ray diffraction patterns of pressurised C., at ambient temperature

(incident angle, 20 = 5.781°). @) Ambient pressure. b) P = 035 GPa. ¢} P = 1.0 GPa. The area marked
by (« ») relates to reflections from the INCONEL gasket. * marks the NaCl pressure calibrant
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Fig. 8. = Pressure-volume plot for rhombohedral Cqy. The solid line is a fit to the Murnaghan EOS with

Ko=25(9)GPA and K; =106(13), V,=3175(10)A". Inset: pressure dependence of the lattice
constant.

grow at the expense of the f.c.c. reflections. The diffraction profile develops gradually down
to 200 K. Little change oceurs below this temperature down to 5 K. In agreement with the
pressure results, the observed diffraction profiles in the (280 + 200) K temperature range can
be rationalised by considering the eo-existence of a fe.e. and a rhombohedral phase. What
appears remarkable is that a fraction of the high-symmetry disordered phase persists to very
low temperatures. Below 200 K, the diffraction profile is consistent with the existence of an
orientationally ordered structure with symmetry lower than rhombohedral; since ortho-
rhombie crystallographic symmetry will be incompatible with e.c.p. and the Cq molecular
symmetry, the low-temperature structure is very likely monoclinic.

We also followed the temperature evolution of the diffraction profiles by heating from b5 to
470 K. The rhombohedral — f.c.c. phase transition occurs fairly abruptly upon heating at
~ 270 K. However, the transformation is not complete, resulting in a diminishing fraction of
the rhombohedral phase being present up to 340 K. The phase change thus appears to be very
sluggish, showing both undercooling and overheating effects. Presumably the concentration
of defects and stacking faults arising from both structural (static) and orientational (dynamic)
disorder is so large that the low-symmetry structure is pinned down and excess thermal
energy is needed to overcome the energy barriers arising from structural imperfections. No
detectable change in the profiles occurs to 470 K with the widths of the observed fe.c.
reflections showing no broadening above 300 K, that would indicate any further phase
changes in this temperature range.

The temperature dependence of the structural results is shown in fig. 5. Consistent with
earlier studies of the dynamic properties of C.[9-11], the structure is fe.e. at high
temperatures in agreement with the quasi-isotropic motion of the ellipsoidal molecules. The
appearance of the rhombohedral phase on eooling (or on the application of pressure) is a
result of molecular orientational ordering; the data of fig. 5 are consistent with the molecules
preferentially orienting along the unit cell diagonal. This is reflected in both an abrupt
expansion along (111} (fig. 5a)) as the long axis of the molecules is now pointing towards this
direction and an abrupt contraction along the close-packing (110) direction (fig. 5b))
reflecting their smaller size on the equatorial plane. A small volume change (fig. 5¢)) is also
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Fig. 4. - Powder neutron diffraction profiles of Cyy recorded between 340 and 160 K (cooling) showing
the progressive appearance of the low-temperature phases,

Fig. 5. - Temperature evolution of the unit cell dimensions in solid Coy. a) Unit cell diagonal ({111}
direction). b) Cy centre-to-centre distance on the close-packing (110) plane. ¢) Unit cell volume. A
pseudo-rhombohedral unit cell was used for the low-temperature phases. (pen symbols refer to data

collected during a warming-up cycle and filled symbols to & cooling-down cyele. (o) label the
rhombohedral and () the fee. phase.

observed at the phase transition, while the rhombohedral angle = does not change with

temperature.

caleulations of fee. Cp[19] predict the presence of two phase
transitions (f.c.c. = rhombohedral — monoclinic) on cooling. The rhombohedral phase
results from the ordering of the Cy long axis towards the (111) direction, while the
molecules themselves remain disordered. No change in lattice dimensions is calculated to
occur at T, with the rhombohedral angle being — 86", These predictions are in excellent
agreement with our experimental data. However, the presence of substantial disorder in the
gsample does not make it possible to present definite conclusivns on the lower-symmetry
phases. A puzzling feature also relates to the reports from experimental measurements of the
thermal properties [8,20] of solid Cy that a phase transition also oceurs in the vicinity of
350 K. We checked meticulously our diffraction profiles in this temperature range and we
find no evidence of any changes oceurring. However, it is tempting to note that it is precisely
at this temperature that, on heating, the «overheated- rhombohedral phase is finally
converted to the f.e.c. phase, as the hindrance potential barrier associated with microstrains
and defects appears to be of the order of 350 K.
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Conelusion. — In conclusion, we find that solid Co, adopts a f.e.e. erystal structure at high
temperature. A rhombohedral distortion (x ~ 85.6(1)°) accompanies an orientational ordering
transition as the molecules orient themselves towards the unit cell diagonal; however, they
still appear to spin about their long axis, which also performs a tumbling type of motion. The
f.c.e. and rhombohedral phases coexist over a large temperature range. A lower-symmetry
crystallographic phase (possibly monoelinic [19]) is present below 200 K. Modest pressure is
also enmough to cause an ordering transition irreversibly, the resulting rhombohedral
structure being slightly more compressible than Cg, . Large hydrostatie pressures (> 11 GPa)
lead to the formation of an amorphous carbon phase. The struetural properties of Cs; are also
found to be dominated by a high concentration of defects, associated with static and dynamic
disorder, that lead to extensive -undercooling» for the fe.c. phase and «overheating
behaviour for the rhombohedral phase.

Additional Remark.
In a recent preprint, Vaughan et al,(21] reported a high-resolution X-ray powder
diffraction study of solid Cs. They found that the low-temperature phase is indeed

monoclinic with the ABC packing retained at all temperatures. Disorder effects are also
discussed in detail.
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