
heating by solar electromagnetic induction 
has gained favor with the recognition of a 
sun-centered heating pattern in the asteroid 
belt, that model is highly simplified (for 
example, it assumes a time-independent 
magnetic field, axisyrnmetry of electric po- 
tential within the target object, and the 
validity of a first-term truncation of the 
Legendre series solution) and contains con- 
siderable uncertainties in parameter choices 
(early solar electric and magnetic flux, 
strong temperature, and compositional de- 
pendence of electrical conductivity) (1 7). 
We cannot reject this hypothesis with pre- 
sent data, but we favor 26A1 heating be- 
cause it can explain the observed data with 
fewer assumptions and because 26A1 is 
known to have been present in significant 
quantities in newly accreted meteorite par- 
ent bodies (4). 
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Isotope Effect and Superconductivity in 
Metal-Doped C, 

Chia-Chun Chen and Charles M. Lieber* 
The mechanism of superconductivity in alkali metal-doped fullerenes remains a fascinating and 
controversial issue. One powerful probe of this mechanism involves the determination of the 
shift in transition temperature (6T3 upon isotopic substitution. A series of isotopically substituted 
Rb3C, superconductors, where C, corresponds to I3C,, (13C,)0.5(12C60)0,5, or 
(13Co,,'2Co.&, was investigated. The 6Tc determined for Rb3'3C,, 0.7 2 0.1 K, provides 
an unambiguous value for the isotope shift in fully substituted fullerene superconductors. The 
6Tc determined for Rb3(13Co~,'2Co~~,, 0.5 K, is also consistent with simple mass scaling of 
the Rb3'3C, result. However, an intermolecular effect not accounted for in existing theories 
is demonstrated by the unexpectedly large 6Tc, 0.9 K, that was observed for the 
Rb3(13C,)o.5(12C60)0.5 materials. These results are used to critically assess proposed mech- 
anisms of fullerene superconductivity. 

Metal-doped fullerenes represent a fasci- 
nating class of superconductors that can 
exhibit transition temperatures (T,) in ex- 
cess of 30 K (1-5). The existence of super- 
conductivity at such surprisingly high tem- 
Deratures has led to considerable s~ecula- 
tion about the mechanism of superconduc- 
tivity and about the possibility of achieving 
higher temperature transitions. Theoretical 
models put forth to explain the formation of 
Cooper pairs and superconductivity in the 
fullerenes range from conventional elec- 
tron-phonon models (6-9) to purely elec- 
tronic mechanisms (1 0, 1 1). An important 
assumption in both of these models is that 
superconducting pair formation is dominat- 
ed by the properties of single clusters and 
that the bulk T. can be obtained from a 
conventional mean-field average of the sin- 
gle cluster properties. Because the coher- 
ence length of the superconducting pairs is 
so short (-25 A) in the fullerene supercon- 
ductors and because it is uncertain whether 
intercluster terms can indeed be ignored, it 
remains essential to s robe the contributions 
of both the single cluster and the interclus- 
ter contributions to superconductivity. 

Department of Chemistry and Division of Applied 
Sciences, Haward University, Cambridge, MA 021 38. 

*To whom correspondence should be addressed 

We address here the open question of the 
mechanism of superconductivity in the 
fullerenes through systematic investigations of 
a series of 13C-substituted Rb3C,, supercon- 
ductors for whlch the isotopic substitution 
w i t h  the solid is ~reciselv controlled. The 
classic phonon-mediated pairing model of 
Bardeen, Cooper, and Schneffer (BCS) (12) 
predicts that T, a M-", where M is the ionic 
mass and a is the isotope shift exponent. For 
simple metals, a equals 0.5. Electron-electron 
interactions in real materials may reduce the 
value of a below 0.5 (1 3. 14). Measurements 
of the isotope shift in &$:have been made 
on materials containing poorly controlled iso- 
topic distributions and 12C,, impurity (15- 
17). Ramirez and co-workers (1 5) found that 
a - 0.37 in samples containing, on average, 
75% 13C, whereas two other groups (16, 17) 
reported that a was > 1 in samples containing 
smaller percentages of 13C. In all of these 
studies the value of a was determined by 
extrapolating to 100% 13C,, with little regard 
for the detailed composition of the starting 
material. The conflicting values for these 
extrapolated isotope shifts have made conclu- 
sions about the absolute mamitude of a and - 
the mechanism of superconductivity unclear. 
To determine unambiguously the magnitude 
of a for Rb3C,, and to elucidate the essential 
role of intercluster versus intramolecular in- 
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Fig. 1. Fast atom bombardment (FAB) mass 
spectra of purified samples of (A) 13C6,, (6) a 
50:50 mixture of 13C6, and 12C6,, and (C) 
(i3Co,5512Co,,,)60. The matrix used for the FAB 
experlments was 3-nitrobenzyl alcohol. 
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teractions in the fullerenes, we have charac- 
terized T, in a series of Rb3C, superconduc- a 

tors for which C, corresponds to 13C,, 
(13c&)o.5(12c~)o.5, or (13c~.5512co.45)~. 
We found that the shifts in T- measured for 
Rb,13C, and R~~(~~C,,~'~C;.~,) , ,  0.7 K 
and 0.5 K. restxctivelv. are consistent with 

J i I . . . i l  . 1 1 1  1 1  1 1 ,I 
721 

I l l  . . 
780 

, . ,, 
both conventional phonon-mediated pairing 
and a recently proposed electronic mecha- 
nism (1 0, 18). However, an unexpectedly 
large shift in T,, 0.9 K, has been determined 
from investigations of the Rb,(13C,),,- 
(12C60)o.5 materials. These latter results have 
not yet been accounted for by either electron- 
phonon or electronic mechanisms of super- 
conductivity in the fullerenes. 

'We prepared the 13C, and (13C0.55- 
12C0A45)60 materials using an adaptation of our 
reported methodology (1 9). An essential fea- 
ture of this procedure is that dense 13C- 
substituted rods are obtained without the use 
of binders or preformed 12C rods. In previous 
investigations, the use of binders and 12C rods 
has led to uncontrolled isotope distributions. 
In our studies, either 99% 13C powder or a 
mixture of 13C and 99% 12C powder was 
ground extensively, placed in a quartz tube 
between two tantalum electrodes, and then 
converted into dense carbon rods by resistive 
heating under pressure (19). We produced 
13Cn and (13Co.5512C0.45), fullerenes from the 
isotopically substituted carbon rods by laser 
ablation in an argon atmosphere at 12WC 
(20). Approximately 5 mg of 13C, can be 
produced from 0.5 g of 13C powder by these 
methods. We isolated the isotopically substi- 

- 

: 

tuted C, using well-established chromato- 
g r a p h ~  procedures (4, 2 1 ) . Careful attention 
was paid to the purification of the C, prod- 
ucts because impurities (such as C7,) can 
depress T, in the metal-doped superconduc- 
tors. The purity of all of the isotopically 
substituted C, products was verified by opti- 
cal, mass, and nuclear magnetic resonance 
spectroscopies. 

Figure 1 shows mass spectra of the puri- 
fied, isotopically substituted C6, samples. 
The 13C6, sample exhibits a M+ signal at 
780 atomic mass units (amu) characteristic 
of a fully substituted material (Fig. 1A). No 
peaks were observed above background in 
the regions 700 to 770 amu and 900 to 950 
amu, and thus it is apparent that this 
material is not contaminated with either 
12C6, or 13C7,. The mixture of 13C6, and 
12C6, shows peaks of approximately equal 
intensity at 720 and 780 amu (Fig. 1B). 
The 13C6d12C60 mixture was prepared by 
combining toluene solutions of purified 
13C6, and 12C6, of similar concentration 
and then evaporating the resulting solution; 
this procedure yielded a solid containing 
13C6, and 12C6, randomly mixed on the 
molecular scale. The C,, product formed 
from a roughly 50:50 mixture of 13C and 
12C exhibits a mass distribution with a peak 
at 753 amu corresponding to (13Co.55- 
12Co.45)60 (Fig. 1C). The full width at half 
maximum for this distribution is 8.9 amu. 
In contrast to previous studies (15-17), 
pure 12C6, is not present in our intramolec- 
ular substituted materials. 

We also characterized the infrared (IR) 
active modes in this series of isotopically C6, 
materials; the low-frequency modes for the 
three isotopically substituted samples are 
shown in Fig. 2. The IR spectrum of 13C6, 
(Fig. 2A) exhibits the four IR-active modes 
of the C6, icosahedron shifted by the expect- 
ed (12/13)1'2 mass ratio. The spectrum of the 
(13C60)o,(12C,)~05 mixture (Fig. 2B) exhib- 
its eight peaks that can be assigned to a 
simple superposition of pure 12C, and pure 
13C6, spectra. The linewidths for the IR 
modes in this isotopic solid solution are the 
same as those in the pure 1ZC60 and 13C6, 
samples. The similarity of these linewidths 
indicates that intercluster vibrational cou- 
pling is not unusual in the (13C60)0.5- 
(12C,)o, materials. In addition, spectra re- 
corded on the (13Co.5512Co~45), samples 
(Fig. 2C) exhibit four modes shifted by the 
average mass factor 0.6(12/13)'/'; this shift 
reflects the partial substitution of 13C on 
each cluster. The broadening of the IR lines 
for this sample (versus 12C6, or 13C,) is 
consistent with the width of the sample mass 
distribution (Fig. 1C). These IR data are 
thus consistent with the mass spectral data; 
moreover, these results show that 13C sub- 
stitution results in conventional isotope 
shifts for the cluster vibrations. 

Wave number (cm-I) 

Fig. 2. The IR spectra of purified samples of (A) 
13C6,, (6) a 50:50 mixture of 13C6, and 12C6,, 
and (C) (13Co,5512Co,45)60. The spectra were 
recorded on C, thln fllms, which we prepared 
by sublimation onto KBr pellets, using a Fourier 
transform IR spectrometer. 

C 753 
1 1  . 

This series of well-characterized 13C- 
substituted materials has been used to de- 

I. I 

termine the isotope effect on superconduc- 
tivity in the Lllerenes. W; prepared 
Rb3C60 ic6, = 13C60, (13c60)0.5(12c60)0.5, 
or (13Co~5512Co~45)60] materials by heating 
stoichiometric amounts of purified, solvent- 
free C6, with Rb metal (3:1, Rb:C6,) in 
sealed quartz tubes (3). Samples were react- 
ed over a 3-day period while the tempera- 
ture was increased from 300" to 35WC. 
Approximately 5 mg of C,, was used for 
each sample. The superconducting proper- 
ties of these materials were assessed by 
dc-magnetization measurements (MPMS2, 
Quantum Design, San Diego, California). 
Typically, the diamagnetic shielding exhib- 
ited bv the sam~les was in excess of 15% of 
the value predicted for complete shielding. 
Incomplete flux exclusion is expected for 
these polycrystalline samples because the 
grain size is similar to the penetration 
depth. Because the transition shape is also 
affected by the particle size of the samples, 
we have been careful to analvze mametiza- - 
tion data from samples with similar grain 
sizes (22). 

The key magnetization data from this 
study are shown in Fig. 3. These results are 
re~resentative of measurements made on 
more than 15 independent isotopically sub- 
stituted Rb3C6, samples. Comparison of the 
magnetization data for the 13C-substituted 
materials versus Rb312C6, shows that there 
is a reproducible depression of T, with 
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T(K)  
Fig. 3. (A) Comparison of the diamagnetic 
shielding versus temperature data recorded 
on Rb312C6, (0 and e), Rb,'3C60 (V), and 
Rb3(13C60)05(12C60)o,5 (0 and H) samples in a 
field of 10 Oe. (B) Comparison of the magneti- 
zation versus temperature data for Rb3(l3C0 55- 

12co.45)60 (A) and ~b~(13~60)o .~(12~60)o .~  (0) 
recorded in a field of 10 Oe. The data in (A) and 
(6) have been normalized to the magnetization 
at 5 K to accurately compare the different 
transition temperatures of the four compounds. 
We made the measurements by initially cooling 
the samples in zero field to 5 K; the data were 
then recorded on warming in a field of 10 Oe. 

isotovic substitution. We have assigned the 
L. 

T, of these materials to the temperature at 
which the magnetization deviates from the 
background susceptibility. Comparison of 
normalized curves with similar transition 
shapes provides a consistent and reproduc- 
ible measure of T, in these materials (23). 
The T, (a 1 SD) determined for the fully 
'3C-substituted materials, Rb313C6,, is 28.9 
+ 0.1 K (Fig. 1A). The value of a for the 
completely substituted materials is thus 
0.30 + 0.05. This value of a is in good 
agreement with the value we reported re- 
cently (19) for 99% '3C-substituted K3C6,' 
Although it is possible that a slightly small- 
er isotope shift may be obtained in homo- 
geneous single crystals (that is, the transi- 
tion onset in a single crvstal should not be 

L 7 ,  

rounded), we believe that this value of a 
represents a robust and unambiguous value 
for the isotope effect in the fully 13C- 
substituted fullerene superconductors. 

Important insight into the nature of 
superconductivity in the fullerenes is pro- 
vided by our measurements on partially 

substituted materials. Specifically, the iso- 
tope shift for Rb3 (13C60)0~5(12C60)p., is larg- 
er than the shift observed for Rb31 C6, (Fig. 
3A). Measurements made on five indepen- 
dent samples ~ielded a shift in T, (ST,) of 
0.9 * 0.1 K. The reproducibility of these 
measurements strongly indicates that this 
6Tc is intrinsic to the Rb3(13C60)o.,- 
(12C60),, materials. Furthermore, a 0.5 K 
isotope shift for Rb3(13Co~,,12Co~45)60, 
which contains an average mass substitu- 
tion similar to that of Rb3(13C60)o.5- 
(13C6,),.,, is smaller than the shifts ob- 
served for either Rb3 (13C60)0.5 (12C60)0.5 or 
Rb313C6, (Fig. 3B). These data demon- 
strate that comvlete isotovic substitution of 
a fraction of the clusters (that is, intermo- 
lecular substitution) is distinct from partial 
isotopic substitution of all of the clusters 
(that is, intramolecular substitution). The 
implications of these results are discussed 
below. 

These data provide a clear value for the 
isotope effect in fully 13C-substituted 
Rb3C6,: 6Tc = 0.7 2 0.1 K and a = 0.30 
+ 0.05. Furthermore, this result and our 
measurements of selectively substituted ma- 
terials suggest a resolution of the conflicting 
values reported for the Rb3C6, isotope shift. 
In previous investigations of Rb3C6, Sam- 
ples containing partially substituted clusters 
and 12C6,, values of a (extrapolated to 
100% isotopic substitution) ranging from 
0.2 to >1  were reported (15-17). Our 
studies demonstrate that homoeeneous 
samples consisting of partially substituted or 
completely substituted clusters do not ex- 
hibit an unusually large 6Tc, although an 
intermolecular mix of 13C6, and 12C6, does 
lead to an anomalously large isotope effect 
in the fullerene superconductors. We thus 
believe that large isotope shifts can be 
attributed in general to samples containing 
a mixture of clusters with significant isoto- 
pic mass differences. 

Our results can be used to evaluate 
criticallv existing models of fullerene suDer- 

L. 

conductivity. Phonon-mediated pairing 
mechanisms have been reported by several 
groups (6-9). These models predict a con- 
ventional isotope effect (T, a M-") with a 
s 0.5 or 6Tc 5 1.2 K for Rb313C6,. At the 
other extreme, Chakravarty and co-workers 
have proposed an electronic model for pair- 
ing ( 10, 18). Interestingly, sizable isotope 
shifts, 6Tc = 0.2 to 0.6 K for Rb3C6,, have 
been predicted by this model as well (18). 
The isotope shift in this electronic mecha- 
nism arises from an increase in the intra- 
molecular hopping matrix element due to 
decreases in the mean intramolecular C-C 
separation with increasing mass. It is appar- 
ent from a comparison of these theoretical 
predictions with our experimental data 
(Fig. 4) that the experimental 6Tc obtained 
for the completely substituted material, 

13C-substitution (%) 

Fig. 4. Plot of the normalized isotope shift 
(&TAT,) versus the percentage 13C enrichment. 
The solid and dashed lines correspond to the 
behavior predicted for conventional (BCS) pho- 
non-mediated pairing (T, M-") with a = 0.5 
and 0.3, respectively.   he shaded bar corre- 
sponds to the range of isotope shift values 
predicted by the electronic pairing model of 
Chakravarty et a/. (18) for 100% isotopic sub- 
stitution. The experimental points are Rb3I3C6, 
(v) > K313C60 (O) > Rb3(1 3C0.5512C0.45)60 (@), and 
Rb3(13C60)o 5(12C60)o (+). The bars on the 
experimental points correspond to the uncer- 
tainty (21 SD) in the determination of ST,. 

Rb313C6,, is consistent with the predictions 
of both the electron-phonon and the elec- 
tronic models. The isotope shift for 
Rb, (13C0~,,1ZC0~45)60 is also consistent with 
phonon-mediated pairing; that is, the frac- 
tional shift in the average phonon frequen- 
cy due to partial substitution simply reduces 
6Tc compared to the fully substituted ma- 
terials. The 6Tc for Rb3(13Co.5512Co.45)60 
may be consistent with the electronic 
mechanism because the average change in 
the intramolecular hopping matrix element 
per cluster, which determines 6Tc, will be 
related to the fractional substitution of the 
clusters. Explicit calculations should be car- 
ried out, however, to verify that the elec- 
tronic mechanism is consistent with our 
intramolecular 13C-substitution data. 

Im~ortantlv. the isotove shift results ob- 
tained from ' ;he ~b~ (i3~60)0.5(12~60)0.5 
sam~les are inconsistent with the vredic- 
tion; of both the electron-phonon arid elec- 
tronic pairing models. Intramolecular pho- 
non-mediated pairing models (6, 7) predict 
that intermolecular [(13C60)/(12C60)] and 
intramolecular [(13Co.5512Co~4,)60] isotopic 
substitution should yield similar results be- 
cause the phonons responsible for pairing 
are averaged over the length scale of the 
pairs, 25 A. This prediction clearly con- 
trasts with our observed results. It mav be 
possible, however, to modify the electron- 
phonon model to account for our data. For 
example, it is not clear that a mean-field 
average is appropriate in these short-coher- 
ence length materials. In addition. we be- 

L7 

lieve that it would be interesting to explore 
the role of pair-breaking scattering in 
Rb3('3C60)o.5 (12C60)0.5 versus Rb3(l3CO.,- 
l2C0.,) ,, solids. In the case of the electron- 
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ic mechanism it is not known whether the 9. D. L. Novikov, V A. Gubanov. A J. Freeman, 
Physica C 191, 399 (1 992). in the matrix 10. S. Chakravarty, M. P. Gelfand, S. Kivelson, Sci- 

sponding to hopping on (13C, ,12C, ,),, ence 254, 970 (1 991) 
v.2 -- 

Versus I t 6 ,  and - ' i~6 i  clusters wa give rise 11. G. Baskaran and E ' Tossatti. Curr. Sci. 61, 33 
(1991). to significant variations in Tc' Or whether 12. J. Bardeen, L N. Cooper, J. R. Schrieffer, Phys. 

these differences are averaged in the mean- Rev. 108. 1175 (1957). 
field model used to estimate T,. Calcula- 13. P. Morel and P. W. Anderson, rbid. 125. 1263 

tions for the electronic model are needed to 
address this essential issue. 

Our experimental isotope effect data oh- 
tained on a series of specifically substituted 
Rb3C6, superconductors provide an unam- 
biguous value for the isotope shift in com- 
pletely substituted fullerene superconduc- 
tors and elucidate a unique difference be- 
tween intermolecular and intramolecular 
isotopic substitution. A theoretical under- 
standing of these experimental results may 
lead to a single viable mechanism for super- 
conductivity in the fullerenes. 
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Element-Specific Magnetic Microscopy with 
Circularly Polarized X-rays 

J. Stohr, Y. Wu, 6. D. Hermsmeier, M. G. Samant, G. R. Harp, 
S. Koranda, D. Dunham, 6. P. Tonner 

Circularly polarized soft x-rays have been used with an imaging ,?hotoeiectron microscope 
to record images of magnetic domains at a spatial resolution of 1 micrometer. The magnetic 
contrast, which can be remarkably large, arises from the fact that the x-ray absorption cross 
section at inner-shell absorption edges of aligned magnetic atoms depends on the relative 
orientation of the photon spin and the local magnetization direction. The technique is 
element-specific, and, because of the long mean free paths of the x-rays and secondary 
electrons, it can record images of buried magnetic layers. 

Polarized light has long been used to probe 
the magnetic properties of matter in the 
visible spec\ \I range. Two prominent 
methods for examining the magnetic prop- 
erties of solids are based on observing 
changes in light polarization upon reflec- 
tion, the magneto-optical Kerr effect, or 
upon transmission, the Faraday effect (1). 

Because the energy of visible light is a few 
electron volts, the Kerr and Faraday effects 
involve electronic transitions from the va- 
lence to the conduction band. In the late 
1980s, Schiitz and co-workers demonstrated 
(2) that circularly polarized x-rays may also 
be used as a probe of magnetism. In the 
so-called magnetic circular x-ray dichroism . , - 
(MCXD) technique, the difference in ah- 
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Research Center, IBM Research Division, 650 Harry 
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The uniqueness of the technique lies in the 

Radiation Center, Universitv of Wisconsin-Mad~son, elemental afforded tuning to 
Stoughton, WI 53589. the characteristic atomic absorption edges. 

For transition metals, MCXD measure- 
ments typically involve p to d core-to- 
valence excitations near L j  or L, edges 
( 2 4 )  - 

We describe here the use of the MCXD 
technique for magnetic imaging. We have 
recorded pictures of magnetic bits on a 
CoPtCr magnetic recording disk with a 
lateral resolution of 1 um obtained bv use of 
circularly polarized soit x-rays with ekergies 
near the Co L3 (778 eV) and L, (793 eV) 
edges and by detection and imaging of the 
secondam electrons from the sam~le with a 
photoemission microscope (5). ou r  results 
show that the contrast is remarkably large, 
such that images can be recorded without 
background subtraction. Our results were - 
obtained on disks with protective overcoats 
of 130 A of carbon and about 40 A of an 
organic fluorocarbon lubricant, which em- 
phasizes the power of the technique for 
technological applications. Besides being 
element-specific, MCXD microscopy has 
the advantage over conventional Kerr mi- 
croscopy ( I )  that its diffraction-limited lat- 
eral resolution is tens rather than thousands 
of angstroms (6). We anticipate by straight- 
forward extrapolation that it will be possi- 
ble to achieve a lateral resolution of around 
100 A by 100 A with state-of-the-art elec- 
tron imaging systems (7) and enhanced 
x-ray intensities from insertion devices on 
electron storage rings (8). 

The experiments were performed at the 
Stanford Synchrotron Radiation Laboratory 
(SSRL). X-ray absorption spectra with lin- 
early polarized x-rays were recorded on the 
wiggler beamline 10-1, and the MCXD 
measurements were carried out on the 
bending magnet beamline 8-2, both of 
which are equipped with spherical grating 
monochromators. We obtained circularly 
polarized x-rays by moving an aperture and 
the prefocusing mirror below the plane of 
the electron orbit, yielding a degree of cir- 
cular polarization of (IR - IL)I(IR + IL) = 90 
'. 5%, where IR and IL are the x-ray inten- 
sities with right and left circular polarization, 
respectively. For the MCXD spectra two 
~ieces cut from the same samule were rema- 
nently magnetized parallel to the surface but . - 
in opposite directions. Spectra were record- 
ed at a grazing x-ray incidence angle of 20" 
with the photon spin of the right circularly 
polarized x-rays aligned either parallel or 
antiparallel to the magnetization direction of 
the two samples, respectively. 

In the MCXD microscopy experiments 
we used an ultrahigh-vacuum~ompatible 
photoelectron microscope based on second- 
ary electron yield detection (width of kinet- 
ic energy distribution about 6 eV) (5). The 
device has a two-stage electrostatic lens 
system with a contrast aperture in the back- 
focal plane of the objective lens. The mag- 
nified image of the sample (adjustable field 
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