
1.0, with the best value being less than 0.1. 
If carriers were being trapped out at the 
grain boundaries, shorter decay times at 
higher fields would be expected, but this was 
not observed. Rather, the decay times were 
independent of the field in all samples. 

Although both types of films appear to 
contain a high density of traps, their nature 
and energy distribution appear to be differ
ent, on the basis of the shape of the decays. 
The slow tail in the dc films is likely due to 
carrier detrapping, which involves the cap
ture of electrons (or holes) by a shallow trap 
level. Thermal excitation then brings these 
carriers back into the conduction (or va
lence) band. In the samples with little or no 
tail, the trap levels may be deep enough that 
detrapping becomes insignificant. It is pos
sible that just small changes in growth pa
rameters between films is enough to alter the 
depths and distributions of the traps. It is 
common in polycrystalline materials to find 
large densities of traps, either discrete or 
continuous in energy distribution. An expo
nential distribution of traps in microwave 
diamond films has been observed (72), and 
others have reported high densities of accep
tor states distributed over several electron 
volts above the valence band (28, 29). In 
natural single-crystal diamonds, nitrogen 
impurities play an important role in carrier 
recombination (24). In the case of the poly
crystalline diamond films, high densities of 
defects, most notably dislocations, stacking 
faults, twins (30, 31)^ and impurities, have 
been observed, which can act as trapping 
and recombination sites. In future investiga
tions it will be necessary to relate these 
structural defects and their densities with 
measured electrical properties. 

Although the electrical properties of poly
crystalline diamond are steadily improving, 
the material is still much poorer in quality 
than single-crystal natural diamonds. For 
example, the low-density mobility of the 
best films studied here is between 10 to 100 
times less than that of single-crystal natural 
diamond. In order to use CVD diamond for 
device applications, the defect densities must 
be lowered to improve both lifetime and 
mobility. The material is promising, howev
er, because of the ability to control the 
processing. Recent improvements in the 
quality of the films are encouraging. Epitax
ial diamond films have been deposited with 
properties very close to those of the dia
mond substrate (32), demonstrating that the 
CVD technique is capable of producing 
high-quality diamond. 
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by a relative shift of the pressure scales (4). 
These results both suggest that T c depends 
only on the overlap between near-neighbor 
C6 0 molecules and not explicitly on the 
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Compressibility of M3C60 Fullerene Superconductors: 
Relation Between Tc and Lattice Parameter 
OTTO Z H O U , GAVIN B. M. VAUGHAN, Q I N G Z H U , 
JOHN E. F I S C H E R / PAUL A. HEINEY, NICOLE COUSTEL, 
JOHN P. MCCAULEY, JR., AMOS B. SMITH III 

X-ray diffraction and diamond anvil techniques were used to measure the isothermal 
compressibility of K 3 C 6 0 and Rb 3C 6 0 , the superconducting, binary alkali-metal 
intercalation compounds of solid buckminsterfullerene. These results, combined with 
the pressure dependence of the superconducting onset temperature Tc measured by 
other groups, establish a universal first-order relation between Tc and the lattice 
parameter a over a broad range, between 13.9 and 14.5 angstroms. A small second-
order intercalate-specific effect was observed that appears to rule out the participation 
of intercalate-fullerene optic modes in the pairing interaction. 

14 FEBRUARY 1992 REPORT 833 



Fig. 1. Fractional reduction of lattice parameter 
a/a, versus pressure P: (0), K3C6,; (*), Rb3C6,; 
and (+), pure C,, (10) .  The experimental errors 
in a and P are +0.002 A and k0.3 kbar, respec- 
tively. Solid lines are linear fits to the data points 
up to 13 kbar. 

nature of the intercalate (1, 4). In the con- 
text of weak-coupling Bardeen-Cooper- 
Schrieffer (BCS) superconductivity, both re- 
sults are interpreted to mean that N(E,), the 
density of states at the Fermi energy, in- 
creases with increasing intermolecular sepa- 
ration because of reduced orbital overlap 
and conduction electron bandwidth (assum- 
ing that the number of electrons transferred 
to the conduction band or bands ver inter- 
calate is the same for all alkali metals and is 
independent of P). In the weak-coupling 
BCS model, kT, = h ~ , ~ e - ~ ' - ( ~ ~ ) ,  where k 
is the Boltzmann const'ant, hw,, is a phonon 
energy, and V is the electron-phonon cou- 
pling constant. The dependence of T, on a 
is implicit in N(E,), so the universality of 
T,(a) implies that w,, and V are independent 
of P, that is, the total differential dTc/dP is 
dominated by a single term [aTc/aa] [da/dP]. 
With the additional assumption of no pres- 
sure-induced structural transitions, Fleming 
et al. (1) predicted a universal compressibility 
value for all of the isostructural compounds. 
Similarly, sp& et al. (4) predicted a com- 
pressibility value for Rb3C6, by scaling Tc 
and a for the two binary compounds. 

We measured the dependence of 
a for K3C6, and Rb3C6, at 300 K using 
x-ray diffraction. This experiment permits a 
direct test of the validity of the assumptions 
noted above. Scaling our a(P) data point-by- 
point with the measured Tc(P) up to 28 
kbar permits us to extend the Tc versus a 
correlation down to Tc and a values as low 
as 6 K and 13.9 A, respectively. The overall 
behavior is still generally consistent with a 
universal that depends only on 
intermolecular separation. Not surprisingly, 
the correlation is no longer linear over the 
larger range of parameters. Our analysis also 
reveals a small, second-order, metal-specific 
effect, the sense of which allows us to rule 
out pairing mediated by phonons involving 
the alkali ions. This secondary effect in the 
Tc(a) correlation is revealed by the observa- 

tion that the compressibilities of K3C6, and 
Rb3C6, are significantly different. 

Powder samples of M3C,, were prepared 
by the dilution technique described in detail 
elsewhere (5). Equimolar amounts of 
>99.5% pure C,, and saturation-doped 
M,C,, (6) powders were mixed together in 
a dry box by grinding and then sealed in 
evacuated pyrex tubes. These were first heat- 
ed to 250°C for 24 hours and then annealed 
in two steps, first at 350°C for 24 hours and 
then at 400°C for 1 hour. We have previ- 
ously established by x-ray diffraction that 
this procedure reproducibly gives single- 
phase material (5, 7). Diamagnetic shielding 
measurements of uncompacted powders 
gave T, values and shielding fractions of 
29.6 K and 56% for Rb3C6, and 19.3 K 
and 38% for K3C6,, respectively (5). 

X-ray diffraction experiments were carried 
out with synchrotron radiation at the Na- 
tional Synchrotron Light Source XlOB 
beamline. The vertical diffractometer was 
equipped with a bent Si(l l1) monochroma- 
tor crystal for horizontal focusing and a 
platinum-coated zerodur mirror for vertical 
focusing and was set for a wavelength h 
of 0.947 A. The resolution AQ was of order 
0.0035 A-' full-width at half-maximum (Q 
= 4 asinO/h). Pressures up to 28 kbar were 
provided by a Merrill-Bassett diamond anvil 
cell by using mineral oil or pentane-isopen- 
tane as hydrostatic media (8). We added 
CaF, powder to the cell and measured pres- 
sure from its lattice parameter (determined 
from three reflections) and the empirical 
equation of state (9).  Four strong Bragg 
reflections of M3C6, (111, 311, 222, and 
420) were recorded at each pressure. No 
other Bragg reflections were observed in this 
range of scattering angles up to the maxi- 
mum pressure. The four measured peaks 
were fitted with a single lattice parameter, 
and mixed Gaussian-Lorentzian intensity 
functions to obtain a at each pressure. A 20 
zero-offset correction was measured at each 
pressure by recording a CaF, reflection with 
negative scattering angle. 

The fractional reduction in lattice param- 
eter a/ao with increasing pressure for the 
two M3C6, compounds is shown in Fig. 1, 
as well as an earlier result for pure C,, (10). 
The contraction is linear up to -13 kbar 
within experimental error, from which we 
derive average linear compressibilities dlna/ 
dP of 1.20 .+. 0.09 x and 1.52 ? 0.09 
x 10V3 kbar-' for K3C6, and Rb3C6,, 
respectively. These are both less than the 
value 2.3 .+. 0.2 x kbar-' for pure C,, 
based on the single data point. The stiffen- 
ing effect of alkali intercalation is attributed 
to an increase in lattice energy resulting 
from the ionic guest-host interaction (1, 2). 
A similar effect occurs in intercalated graph- 

Fig. 2. Superconducting transition temperature 
versus lattice parameter. The a ( P )  data from Fig. 
1 was converted to T,(a)  by using the raw T J P )  
data of (2)  and (4): (O), K3C6,; (*), Rb3C6,; and 
(+), directly measured points from a number of 
M3-,M',C,, compounds at 300 K and 1 bar ( 1 ) .  
Solid curve is a quadratic fit. 

ite (11). K3C6, and Rb3C6, both become 
stiffer above 13 kbar, as shown bv the 
flattening out of d u o  versus P at higher 
pressures. This stiffening also occurs in pure 
c60 (I2). 

Our measured compressibility for Rb3C6, 
agrees fairly well with the predicted value 
1.7 x 10W3 kbar-' (4). Similarly, the aver- 
age of our volume compressibilities for 
K3C6, and Rb3C6,, 4.08 & 0.27 x 
kbar-', is consistent with values predicted 
from the empirical linear relation-between 
Tc and a (1) and the two measurements of 
dT,/dP (2, 3 ) ,  namely 4.7 x lop3  and 4.0 x 
loL3 kbar-l, respectively. These compari- 
sons show that, for a given compound, 
dTc/dP is indeed dominated by the term 
[aT,/aa] [da/dP] . Therefore, within weak- 
coupling BCS theory and linear approxima- 
tions for Tc(P) and a(P), any pressure de- 
pendences of phonon energies or the 
coupling constant have negligible effects on 
Tc below 13 kbar. 

The results of converting all of the a(P) 
data in Fig. 1 point-by-point to T,(a) are 
shown in Fig. 2. We interpolated between 
the Tc(P) data points of Sparn et al. (2, 4) to 
obtain T,'s at the corresponding P's. This 
procedure goes beyond the approximation 
of linear Tc(P) and a(P) at low P but is not 
rigorously correct because the Tc values 
were measured near 0 K whereas the P-de- 
pendent a values were measured at 300 K. 
Also plotted in Fig. 2 are Fleming's Tc(a) 
data at 1 bar for seven different compounds. 
The T,(P) and a(P) measurements were 
performed in two different laboratories, 
which does not compromise the relative 
accuracy of the Tc(a) correlations for K- and 
Rb-doped compounds because both Tc(P) 
measurements were performed in the same 
laboratory, as were both a(P) measure- 
ments. d n  the other hand, the absolute 
relation of the two pressure-dependent data 
sets to Fleming's 1-bar data is subject to 
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systematic uncertainties. There is good 
agreement between the two data for 
K,C,, (19 K and 14.24 A) and Rb,C,, 
(29.6 K and 14.42 A) at 1 bar. The absolute 
uncertainties (k0.5 K %) are smaller than 
the plot symbols. 

The solid curve in Fig. 2 indicates that all 
three data sets are represented reasonably 
well by a single quadratic fimction. We 
conclude that the proposed universal corre- 
lation between T, and a is correct to first 
order. The positive sign of the quadratic 
term may serve as a detailed test of compet- 
ing models, for example, from the depen- 
dence on a of the parameters in the Mac- 
Millan formula. 

Our data also reveal a small second-order 
intercalate-specific contribution to T,(a). 
From Fig. 1, the compressibilities of K,C,, 
and Rb,C,, are not identical, as would be 
required by a strictly universal correlation. 
The three data sets in Fig. 2 can also be 
reasonably well described by individual lin- 
ear segments. The "universal" slope of Flem- 
ing's directly measured values is 50 K k l ,  
whkh is quite close to our value of 45 2 1 
K A-' for Rb,C,, but significantly larger 
than our value of 33 2 2 K k1 for K,C,,. 
The intercalate-specific effect is only signifi- 
cant at small a, that is, at large intermolecu- 
lar overlap. 

The sense of this effect is inconsistent with 
a proposal that metal-C,, optic modes are 
responsible for the pairing interaction (13). 
In this hypothesis, superconductivity arises 
from strong coupling to relatively low-fre- 
quency modes rather than from weak cou- 
pling to the intramolecular vibrations, which 
lie at higher frequencies (14, 15). If we as- 
sume a h e a r  contribution to Tc(a) from the 

factor independent of chemical 
composition, and that the important cou- 
p h g  phonons are zone-boundary optic 
modes involving planes of M, and of C,, 
(13), there would be an additional scaling of 
T, as m, where rn is the reduced mass. 
This scaling would be in the ratio 14: 10 for 
K,C,, and Rb,C,,, the inverse of the ob- 
served 33:45 ratio of slo~es. 

There are several possible origins for the 
small intercalate-specific contribution. The 
first is suggested by the complex Fermi 
surface of K,C,, (16). In addition to band- 
width variations, which depend directly on 
the lattice parameter, the volume of the 
Fermi surface may be subtly different for 
different intercalates, or may vary with lat- 
tice parameter or pressure, or both effects 
could occur. Another possibility is a pres- 
sure-induced phase transition involving mo- 
lecular orientations. In pure C,,, free mo- 
lecular rotations freeze out at T,, = 249 K 
at 1 bar, locking into specific orientations 
with respect to the crystal axes (17), and 

T,, decreases rapidly with increasing P (18, 
19). An x-ray study of K,C,, indicates two 
equally populated molecular orientations at 
300 K and 1 bar (20), and a nuclear magnetic 
resonance study of Rb,C,, gives evidence for 
a transition near 300 K (21). It is therefore 
likely that M,C,, transforms to an orienta- 
tionally ordered phase at 300 K within the P 
range of the data, which could aEect 
our analysis by introducing discontinuities in 
a(P) or by slightly modifying the Ferrni sur- 
face. The diffraction signature of this transi- 
tion is quite subtle in C,, (17) and would 
have been undetectable in the present exper- 
iments. More data at the extremes of a would 
help clarify the situation, for example dTc/dP 
and compressibility measurements on 
Rb,CsC,, (1) and extension of the T,(P) 
experiments to higher pressure. 
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Molecular Dynamics Simulations of Dimer 
Opening on a Diamond {OO 1)(2 x 1) Surface 

Computer simulations of hydrocarbon and related molecules using empirical force 
fields have become important tools for studying a number of biological and related 
processes at the atomic scale. Traditional force fields, however, cannot be used to 
simulate dynamic chemical reactivity that involves changes in atomic hybridization. 
Application of a many-body potential function allows such reactivity to occur in a 
computer simulation. Simulations of the reaction of small hydrocarbon molecules 
adsorbed on a reconstructed diamond {001}(2 x 1) surface suggest that these hydro- 
carbons are highly reactive species and that initial stages of diamond growth proceed 
through a dimer-opening mechanism. Rates estimated from transition state theory of 
two interconversions between states where the dimer is open and closed are given. 

C HEMICAL REAC~IONS ARE DEFINED We understand in exquisite detail reaction 
by a changing atomic coordination mechanisms, quantum mechanical resonan- 
associated with the breaking and ces, and final vibrational state distribution of 

making of bonds. Creation of a microscopic reactions such as F + Hz += FH + H and H 
description of the events associated with + H, += Hz + H. Analogous accomplish- 
these processes for small systems (1) has ments for large ensembles of atoms and 
been a tour de force for modern chemistry. molecules have been slow, however, as the 

focus of research changes from small molec- 
ular systems to large ones. Thus, it is timely 

B. J. Garrison, E. J. Dawnkaski, D. Srivastava, 152 how reactions proceed in con- 
Davey Laboratory, Department of Chemistry, Pennsyl- 
vania State University, University park, PA 16802. densed phases. TO approach this problem, 
D. W. Brenner, Code 6179, Naval Research Laboratory, We have used- molecular dynamics (MD) 
Washington, DC 20375. 

calculations to investigate the diamond film 
*To whom correspondence should be addressed. formation from hydrocarbon species. 
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