
~ $ ~ e ~ ~ { h ~ ~ ~ h $ t ~ ~ 

393 

some experiments, the bias voltage was in- 
creased with a concurrent decrease in the 
stabilization current in order to maintain a 
constant electric field. Dissociation was ob- 
served only at high bias voltages. If the STM 
tip is brought into mechanical contact with 
the adsorbed molecule, then fragmentation 
can occur, we thi& that &,is process essen-

severe local stress However, 
under our typical conditions for recording 
images (+2 v bias, 200 p ~ ) ,mK.,anical 
tip-molecule interactions are negligible, as 
evidenced by stable, reproducible images 
from scan to scan. Aso, the UPretracts away 
from the surface as the voltage is increased 
from the normal scanning bias, ~  hwe can~ 
rule out mechanical interactions with the tip 
as a dissociation mechanism during the scans 
at increased bias voltages. The evidence sug- 
gests that the observed dissociation pro- 
cesses are a direct consequence of the high 
flux of low-energy electrons incident on the 
adsorbed mo~edes .  
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C,, Rotation in the Solid State: Dynamics of a 
Faceted Spherical Top 

The rotational dynamics of C,, in the solid state have been investigated with 
carbon-13 nuclear magnetic resonance (13C NMR). The relaxation rate due to 
chemical shift anisotropy (1/9cSA) was precisely measured from the magnetic field 
dependence of TI,allowing the molecular reorientational correlation time, T, to be 
determined. At 283 kelvin, T = 9.1 picoseconds; with the assumption of diffusional 
reorientation this implies a rotational diffusion constant D = 1.8 x lo1' per second. 
This reorientation time is only three times as long as the calculated T for free rotation 
and is shorter than the value measured for C,, in solution (15.5 picoseconds). Below 
260 kelvin a second phase with a much longer reorientation time was observed, 
consistent with recent reports of an orientational phase transition in solid C,,. In both 
phases T showed Arrhenius behavior, with apparent activation energies of 1.4 and 4.2 
kilocalories per mole for the high-temperature (rotator) and low-temperature (ratchet) 
phases, respectively. The results parallel those found for adarnantane. 

TH E  FACX THAT C6, MOLECULES I N  

the solid state interact only weakly 
leads to interesting dynamical behav- 

ior. Rotational dynamics of molecules in 
condensed phases can be probed with NMR 
spectroscopy. In earlier NMR studies of 
solid C,, (1, 2), it was found that the 
spectrum at ambient temperature consists of 
a relatively narrow line rather than a broad 
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powder pattern, as expected for randomly 
oriented stationary molecules. This sharp 
spectrum implies rapid isotropic molecular 
reorientation. Powder patterns reflect the 
variation in the magnetic shielding of a 
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allow determination of the chemical shift 
tensor elements from the shape of the NMR 
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nal magnetic field (B,), with a concomitant 
relaxation rate proportional to B;. The CSA 
relaxation mechanism is expected to domi- 
nate in both liquids and solids at sufficiently 
high fields. A classic T, minimum was ob- 
served at 233 K in the first relaxation mea- 
surements on solid C,,. Interpreting this in 
terms of CSA relaxation yielded a value of T 

= 2.1 ns at this temperature (1). 
More recently, Heiney et al.  ( 3 )  found 

from x-ray studies and calorimetry that solid 
C,, exhibits a phase transition near 249 K 
from a simple cubic structure at low temper- 
atures to a face-centered-cubic (FCC) struc- 
ture. This transition was examined with 
NMR by Tycko et al.  (4 ) ,who found a break 
in the T, relaxation rate at 260 K. These 
studies suggest that the phase above the 
transition temperature is characterized by 
free rotation or rotational difhion and that 
the phase below the transition is character- 
ized by jump rotational di£fusion between 
symmetry-equivalent orientations. 

In this report we present detailed mea- 
surements of the reorientational correlation 
time T for solid C6, over the temperature 
range 240 to 331 K. The quantity T was 
calculated from the CSA relaxation rate and 
the measured chemical shift tensor elements. 
Because the CSA relaxation rate has a 
unique quadratic dependence on magnetic 
field, measurement of Tl as a function of 
magnetic field allows the CSA contribution 
to be obtained and separated from non-CSA 
(NCSA) relaxation mechanisms. Results 
were obtained both above and below the 
phase transition, which we found at 260 K 
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from both NMR and calorimetrv. The low- 
temperature ratchet phase was characterized 
by a much faster relaxation rate and by 
reorientational correlation times that were 
-30 times as long as that for the high- 
temperature rotator phase at temperatures 
near the phase transition. The temperature 
dependence of T for both phases can be 
described by Arrhenius expressions, and ac- 
tivation energies for reorientation were ob- 
tained. 

A sample of isotopically enriched soot 
(-9% 13C) was prepared as described (5, 
6) . Fullerenes were extracted from the 13C- 
labeled soot with toluene and purified by 
liquid chromatography (7).  The purified 
C,, was continuously extracted for 3 hours 
with supercritical CO, (70°C) to remove 
solvent, heated to 200°C under vacuum for 
1hour to remove absorbed CO,, and sealed 
in an NMR tube 5 mm in diameter. NMR 
experiments were carried out at 13C NMR 
frequencies of 125.7, 75.4, 62.9, and 50.3 
MHz (11.74, 7.06, 5.87, and 4.71 T, re- 
spectively). 

Fig. 1. Plot of ln{[I, - I( t )] / [I ,- I(O)])= -t/Tl 
versus delay time t for inversion-recovery experi- 
ments on the C6, sample at magnetic field 
strengths of 11.74, 7.06, 5.87, and 4.71 T at 283 
K. I(0)and I, are signals measured at t = 0 and t 
> ST1. 

Fig. 2. Plot of relaxation rate l / T l  versus the 
square of the magnetic field for the experiments in 
Fig. 1 .  

The T, rates for this sample were mea- 
sured with the inversion-recovery technique 
(8). The results obtained for the signal re- 
covery at 283 K for all four fields are shown 
in Fig. 1. For each field the recovery of 
magnetization can be described by a simple 
exponential function; the recovery times 
(Ti's) are strongly field-dependent. 

In general the Tl rate includes both 
CSA and non-CSA contributions: (l /Tl) = 
( ~ / T , C ~ ~+ l/TyCSA). If one assumes that 
the reorientation of the molecules can be 
described as isotropic rotational diffusion, 
the CSA relaxation rate can be written in the 
form (9, 10) 

where y = 67.31 x 106 rad s-' T-' (the 
13C magnetogyric ratio), TA and Ts are 
rotational correlation times, and o = yB, is 
the angular Larmor frequency. The factors 
S2 and A 2  arise from the symmetric and 
antisyrnrnetric components [aS -= (u  + 
uT)/2 and u A  = ( a  - aT)/2] of the shielding 
tensor u (where aTis the transpose of a ) .  
The reorientational correlation times are re- 
lated to the rotational diffusion constant D 
by 1/60 = T = T, = 7d3 (11). For isotropic 
rotational difision, the mean-square angle 
of rotation in a time At about each axis is 
given by <€I:>= 2DAt. In the limit of 
short correlation times (COT 6 I), the expres- 
sion on the right side of Eq. 1 shows the 
signatureB; dependence of the CSA contri- 
bution to the T, rate noted above. 

In Fig. 2, the Tl rates obtained from fits 
to the data in Fig. 1are plotted against B;. 
The dependence is linear to a high degree of 
accuracy, with a slope of 0.191 2 0.003 
rnHz T-, and an intercept l/TyCSA= 5.4 
2 0.2 rnHz. Although the CSA mechanism 

u 

accounts for most of the relaxation rate at 
high magnetic field strengths, there is a 
significant NCSA contribution (37% of the 
total rate at 7 T, for example). From this 
data, the reorientational correlation time T 

Fig. 3. Log plot of intensity data from 
an inversion-recovery experiment at 
254 K at 7.04T on the C6, sample. A -4
two-component fit to the data yielded 
T ,  of 1.6 (26%) and 50.0 s (74%), ' ­
with composition in parentheses. 

can be obtained from Eq. 1if the quantities 
S and A are known. S is defined in terms of 
the three principal values u,,, a,,, and a,, 
of the shielding tensor as, known from 
experiment to be 180, 25, and 220 ppm, 
respectively (1, 12). A value S2 = 3.17 x 
lop8 is found (13). A depends on the 
antisymmetric part of the shielding tensor 
and is extremely difficult to measure experi- 
mentally (10). 1t can be estimated (14)-that 
A 2  = 1.4 f 1.4 x 10-lo, so the anisotropic 
contribution to l/TFSA should be relatively 
small (-6%). With these values for s2and 
A2, we calculate T = 9.1 f 2 ps at 283 K, 
yielding a rotational diffusion constant D = 

1.8 2 0.4 x ~ O ' O S - ~ .  

Examination of the relaxation behavior of 
solid C,, as a function of temperature shows 
a dramatic effect due to the phase transition. 
Below 260 K the inversion-recovery data 
show a biexponential decay: in addition to a 
component that smoothly continues the T 

versus temperature curve measured for the 
rotator phase at higher temperatures, a sec- 
ond component with a much faster relax- 
ation rate appears (4). Figure 3 shows a 
typical two-component decay, obtained at a 
temperature T = 254 K at 7.06 T, from 
which two values of T, (50 and 1.6 s) can 
be extracted. The largd difference between 
these two times allows them to be cleanly 
separated. The fraction of the material in the 
long T, rotator phase was 74% at 254 K 
and 25% at 241 K. Biexponential behavior 
was also seen in a sample of C,, with 15% 
C,, over a wide range of temperatures, but 
a highly crystalline c,, sample showed bi- 
phasic behavior over a range of only 1 K 
(15). Although the relative populations and 
the exact transition temmratures were sam- 
ple-dependent, for all samples examined the 
transition temperatures indicated by NMR 
and by differential scanning calorimetry 
(DSC) were in good agreement. 

By measuring both^ T1 rates at several 
fields, we obtained reorientational correla- 
tion times for both phases using Eq. 1. 
Although there is clear evidence that the 
reorientational motion for the ratchet phase 
cannot be described as isotropic diffusion 
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Fig. 4. Arrhenius plot of l n ( ~ )versus l O O O / T  for 
the ratchet and rotator phases, with apparent a&- 
vauon energies of 4.2 and 1.4 kcal mol-' K-', 
respectively. Units of T are picoseconds. 

(3), we expect that Eq. 1gives an effective 
correlation time T for random jumps be- 
tween equivalent orientations that retains its 
physical~ignificanceas the time required for 
molecular motion through an angle of -1 
rad (9). 

Figure 4 shows the dependence of ln(7) 
on 1000/T for both phases. For the high- 
temperature rotator phase (lower set of 
points), measurements were made in the 
temperature range 241 to 331 K, both 
above and below the phase transition (indi- 
cated by the vertical line). Over this temper- 
ature range, T varies from 14.9 to 6.8 ps. 
Over the same temperature range the NCSA 
contributions to the T, rates are approxi- 

rotator phase. Preliminary measurements on 
more highly crystalline samples indicate that 
Ea for the rotator phase is not highly sample- 
dependent, whereas E, for the ratchet phase is 
greater for more perfect crystals (15). 

Above the phase transition the rotational 
correlation times for solid C,, are remark- 
ably short and in fact are comparable to 
those for small molecules in solution. For 
example, a value of T = 7.2 ps has been 
measured for tetrachlorocyclopropene in 
toluene-d, at room temperature (10). The 
activation energy and preexponential factors 
derived for this system (E, = 1.5 kcal mol- ' 
near O°C, and T, = 0.65 ps) are both similar 
to the values found here for the rotator 
phase of C,,. Surprisingly, similar experi- 
ments performed on C,, dissolved in tetra- 
chloroethane revealed T = 15.5 ps at 283 K, 
showing that C,, can reorient faster in the 
solid than in solution. 

The rotational correlation time for the 
solid can also be compared to the correlation 
time expected for free molecular rotation, 
the natural limit for reorientation at high 
temperature or in the absence of frictional 
interactions. The ball diameter of 7.1 
derived from the C,, bond lengths (1.40 
and 1.45 A) (16-19), implies a moment of 
inertia I = 1.0 x kg m2 for C,,. For 
free gas molecules at temperature T, the 
characteristic time for rotation through 1 
rad is T,, = 3/5(1/kT)'I2 (20) (k = Boltz-
mann constant). At 283 K, T,, for C,, is 

= 5 k 0.5 xmately constant, with i / ~ f J ~ ~ ~3.1 ps. Thus, T for the molecules in the solid 
s-l. Possible contributions to the 

NCSA rate include inter- and intramolecular 
13C dipolar relaxation and effects due to 
trace species. Below the tran- 
sition the much faster CSA relaxation rates 
found for the ratchet phase correspond 
(through Eq. 1) to much longer reorienta- 
tional correlation times. For this phase, T 

varies from 0.44 to 0.29 ns as the tempera- 
ture varies between 241 and 254 K. 

Des~ite the ~hase  transition. the rotator 
phase data can be fit very well by a straight 
line over the entire temperature range, al- 
lowing T for this phase to be described by a 
single-Arrhenius expression: T = ~,exp(TJ 
T).  The preexponential T, obtained from 
fitting the data is T,R"~= 8.1 k 1.0 x 10-l3 
s, and the corresponding activation temper- 
ature ( T y )  is 695 + 45 K (rotator activa- 
tion energy E? = 1.4 ? 0.1 kcal mol-'). 
This implies that the temperature depen- 
dence of the diffusion constant is given by D 
= ~ , e x ~ ( - T y / T ) ,with Do = 2.06 x 
10" s-l. A similar fit to the data for the 
ratchet phase (upper part of Fig. 4) yields 
Tp= 8 x 10-('4r') s and T y  = 2100 k 

600 K (E? = 4.2 k 1.2 kcal mol-l). Thus, 
the activation energy for the ratchet phase is 
about three times as large as that for the 
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at this temperature is only three times as 
long as the correlation time expected for 
unhindered gas-phase rotation. Steele and 
co-workers (21) have pointed out that iner- 
tial effects will be significant for values of x 
-= T / T ~ ,  5 2. At the highest temperature 
used in this study (331 K), x equaled 2.4, a 
value that is still consistent with a difhsional 
model (9, 20) but near the boundary of the 
inertial regime. Coherent quasielastic neu- 
tron scattering has recently been used to 
investigate the character of the rotational 
dynamics of C,, (22), and a rotational dif- 
fusion constant D, = 1.4 X 10" s-' at 260 
K was deduced. This is in striking agree- 
ment with the value 1.42 x 1010 s-' we 
obtain for 260 K using our values for 7,R"t 

and T y .Additional scattering data at 520 
K were used to estimate an activation tem- 
perature of -400 K, which is significantly 
lower than that found here, possibly because 
at such a high temperature inertial effects are 
important, leading to longer values of T and 
non-Arrhenius behavior (21). A recent mo- 
lecular dynamics calculation (23) yielded, at 
283 K, T = 0.18 ps and a rotational barrier 
of 300 K. Both of these values are signifi- 
cantly lower than our measured values, but 
the calculation does show diffusive motion 

at high temperatures and an orientatiortional 
ordering transition at -200 K, in qualitatiitative 
agreement with experiment. 

A structure for the ratchet phase of Cf  C,, 
has recently been proposed on the basis tsis of 
neutron diffraction measurements (19); I$; this 
structure simultaneously optimizes the ile in- 
teraction between each molecule and its ]its 12 
nearest neighbors. Although the detail(:t&d 
nature of motion in this phase is unknowlown, 
a simple model can be used to estimate tlte the 
rate at which the molecules jump betwemeen 
equivalent orientations. A molecule is ais as- 
sumed to turn by an angle A 8  = 2 ~ / 5at ;at an 
average jump rate v about a fivefold a axis 
randomly chosen for each step. This ais as-
sumption leads to a random walk in tin the 
three-dimensional orientation space with 4th an 
effective reorientational correlation time T Le = 

l/vAe2 (24). The observed TRar of 0.29 ns ns at 
254 K then implies a jump rate v = 2.2 2.2 x 
lo9 s-l. Using thevalues obtained for E:: E? 
and T,R"',one predicts a T, minimum at 2Ct 206 
K for a 7.06-T field and a correlation time (me of 
3 ms at 86 K. These temperatures are ,re in 
reasonable accord with the reported T, mil fin- 
imum temperature of 233 K at 7 T and a d  the 
temperature at which a powder pattern d b  due 
to CSA fully develops at a field of 1.4 T ( l r  (1). 

Our results can be compared to the NMYMR 
data obtained by Tycko et al. (2), wk who 
obtained activation energies of -1 and md 5 
kcal mol-' for the rotator-and ratchet phasrhases 
from the temperature dependence of 2,f T, 
measured at a single field. These values are :are in 
reasonable agreement with those deriverived 
from the data presented here. Our correlIrrela- 
tion times are shorter than those &mathated 
by Tycko et al. (2). For the rotator phase ase at 
300 K, Tycko estimated T, = 12 ps and old our 
data give T = 8 ps. Some of this d i s c r e p a n ~ ~ c ~  
may result from our explicitly accounting filg for 
non-CSA relaxation, leading to lower CS CSA 
relaxation rates and shorter correlation t i m e h a .  

The dynamical behavior of solid C,, pa, par- 
allels that of the classic solid-state rotcrotor 
adamantane (25). Adamantane also undender- 
goes a phase transition, from tetragonal 114to 
orientationally disordered FCC at 213 13 K 
(26). Rotational correlation times for bot both 
phases have been measured and fit to Arrhurhe- 
nius expressions. The high-temperature die &s- 
ordered (a)phase has an activation eneraergy 
E: = 3.1 kcal mol-' (about twice E?) at^) and 
T: = 9 x 10-l4 S. At 283 K, for example, qle, 7" 

= 22 ps, giving a value of x = 30. Tk The 
correspondingx for C,, is one-tenth of &that. 
In the low-temperature ordered (P) phase,ase, 7 

increases by a factor of -40, and the Arrhurhe- 
nius parameters are T,P = 1X 10-l5 s and Eld E,P 
= 6.5 kcal mol-l. At 200 K, T@= 13 ns, 46,4.5 
times as long as T for C,, (2.9 ns at 200 KO K). 
The similar behavior of these two substanc~ances 
suggests that (i) the orientationally orderdered 

REPORTS 12: 1237 



phases of both molecules have rotational 
potentials with fairly deep minima and (ii) 
above the phase transition, random orienta­
tions of neighboring molecules lead to a 
much smoother potential, with numerous 
shallow potential minima. For the rotator 
phase of C6 0 the extraordinary smoothness 
of this potential results in a rate of molecular 
reorientation that approaches the gas-phase 
rate and exceeds the value found for C6 0 in 
solution. 
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Diffusion Creep in Perovskite: Implications for the 
Rheology of the Lower Mantle 
SHTJN-ICHIRO KARATO AND PING L I 

High-temperature creep experiments on polycrystalline perovskite (CaTi03), an 
analog of (Mg,Fe)Si03 perovskite of the lower mantle, suggest that (grain size-
sensitive) diffusion creep is important in the lower mantle and show that creep rate is 
enhanced by the transformation from the orthorhombic to the tetragonal structure. 
These observations suggest that grain-size reduction after a subducting slab passes 
through the 670-kilometer discontinuity or after a phase transformation from or­
thorhombic to tetragonal in perovskite will result in rheological softening in the top 
portions of the lower mantle. 

DYNAMICS OF EARTH'S INTERIOR 

depend critically on the plastic flow 
properties of its constituent materi­

als. Plastic flow in rocks occurs either by the 
collective motion of atoms by dislocation 
glide (or climb) or by the diffusive transport 
of individual atoms. The constitutive rela­
tion for creep between the two mechanisms 
is quite different, and this difference can 
significantly influence the dynamics of 
Earth's interior (1). Creep rate by disloca­
tion motion is insensitive to grain size and 
increases nonlinearly with stress, whereas 
creep rate due to diffusion increases dramat­
ically as grain size decreases and increases 
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linearly with stress. Recent studies on crustal 
and upper mantle minerals show that the 
transition conditions between the two 
mechanisms are close to the conditions ex­
pected in Earth's crust and the upper mantle 
(2). Thus diffusion creep is a distinct possi­
bility in Earth and might be a dominant 
mechanism of flow when a significant reduc­
tion in grain size occurs. Such a grain-size 
reduction is expected when a subducting 
slab passes through the phase transforma­
tion boundaries (3). For example, Ito and 
Sato (4) showed a significant grain-size re­
duction after the transformation of 
(Mg,Fe)2Si04 into (Mg,Fe)Si03 perovskite 
+ (Mg,Fe)0 magnesiowustite (at 23 GPa 
or —670 km) and suggested that rheological 
softening might occur if grain-size reduction 

occurs under differential stress. However, 
experimental data are lacking to examine the 
possibility of diffusion creep in perovskite, 
the mineral that makes up most of the lower 
mantle (670 to 2900 km). 

In this study, we investigated the creep 
law of perovskite in the grain size-sensitive 
regime using CaTiOs as an analog material. 
Dislocation creep behavior has been studied 
in single crystals of analog materials of 
(Mg,Fe)SiOs perovskites (5), but under­
standing the process of deformation of poly­
crystalline aggregates is important because 
grain size-sensitive diffusion creep occurs 
only in polycrystalline specimens. CaTiOs 

perovskite is a good analog material of 
(Mg,Fe)SiOs perovskite for two reasons. 
First, the crystal structures are similar: both 
belong to the same space group Pbnm at 
ambient temperature (and pressure) (6) and 
transform to higher symmetry structures at 
higher temperatures (7). In addition, there 
are similarities in defect structures: the same 
slip systems of dislocations have been iden­
tified in both types of perovskites (5, S), and 
the same types of point defects occur in both 
perovskites (9). A particularly attractive as­
pect of CaTi03 behavior is that structural 
phase transformations occur at high homol­
ogous temperatures (T/Tm > 0.68, where 
T m is the melting temperature), where the 
material shows significant plastic flow. 

We prepared dense fine-grained (5 to 27 
|xm) aggregates of CaTi03 perovskite by 
hot-pressing commercially available powder 
specimens. In the hot-pressing, we used a 
gas-medium apparatus in an iron jacket at 
300 MPa and 1200°C for 1 to 2 hours. The 
hot-pressed specimens have densities that 
are better than 96% of theoretical values and 
uniform grain-size distributions (Fig. 1) 
(10). Transmission electron microscopy ob­
servations indicated no precipitation and no 
secondary phases at grain boundaries at a 
resolution of ~ 5 nm. The hot-pressed spec­
imens were cut in a parallelepiped shape (~3 
by 3 by 6 mm3) and were deformed in 

Fig. 1. A scanning electron micrograph of hot-
pressed CaTiOs perovskite after etching. Note the 
homogeneous grain size and equilibrium grain 
boundaries. 
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