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SUPERCONDUCTING INTERCALATED FULLERENES - 
PREPARATION ROUTES AND PROPERTIES 

M. KRAUS, M. BAENITZ, H. WERNER*, R. SCHLOGL*, 
V. THOMMEN**, H.-J. GUNTHERODT**, and K. LUDERS 
Institut fur Experimentalphysik, Freie Universitat Berlin, Arnimallee 14, 
W-lo00 Berlin 33, FRG; 
*Institut fur Anorganische Chemie, Universitat Frankfurt, Niederurseler Hang, 
W-6OOO Frankfurt am Main, FRG; 
**Institut fur Physik, Universitat Basel, Klingelbergstr. 82, CH-4056 Basel, 
Switzerland 

Abstract Superconducting C a  powder samples are investigated by means of dc 
magnetization and X-ray diffraction. We discuss effects on the superconducting 
behaviour arising from different sample preparation and grain sizes. We derive 
then the temperature dependence of the magnetic penetration depth which agrees 
best with theoretical expressions for weak-coupled BCS-type superconductors in 
the clean limit. 

INTRODUCTION 
The discovery that doped fullerenes are superconducting has stimulated a wide range of 
investigations. We report dc magnetization measurements on several samples with the 
intercalation of alkali metals done by different methods. The first doping routes were 
motivated by similarities to graphite intercalation compounds (GICs). Ternary GICs 
show superconductivity up to 2.7 K in C4KT11,51 clearly exceeding the Tc values of the 
respective binary compounds. 

SAMPLE PREPARATION AND CHARACTERIZATION 

Fullerenes were sythesized from the soot of evaporated graphite according to Kratsch- 
mer et a1 2. For some samples we used commercially available C a  powder (MER) con- 
taining an amount of 10% C70. The starting material of samples # 2,5,  and 6 (Table I) 
was purified to a purity of 99.99 % with respect to other fullerenes. We outgassed the 
pristine C a  carefully (p = mbar, T = 300°C, t > 6 h) in order to obtain well 
crystalline doped samples. 

T o  intercalate samples # 3 ,  7 ,  and 8 a preweighted amount of C a  was blanded with 
the respective amount of fine-ground T1 alloy and annealed at temperatures and for 
times given in Table I. So prepared samples yield a diamagnetic signal corresponding 
to a "superconducting volume fraction" of less or equal 10 %. 
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340/[742] M. KRAUS ET AL. 

Table I Characteristics of preparation and onset temperatures to superconductivity 

time (h) Temperature 

3 300 
I 

20 I 450 

16 I21 400 I 430 I- 16/ 21 400 / 430 * 18 - 62 

19 

19.5 

17- 18 

24 

29.6 
23 

27.5 
26 - 28 

Preparation 
method 

direct contact 

Mc Cauley 
TI alloy 

direct contact 

Mc Cauley 
Mc Cauley 

TI alloy 

T1 alloy 

TI alloy 

Neither varying the annealing temperature, nor the total metal concentration or 
the ratio of alkali metal to thallium did result in a significant enhancement of the Tc 
values compared to that of binary compounds. We showed in previous work3 through 
dc-magnetization (SHE SQUID), ac-susceptibility, NMR experiments and X-ray 
analysis (Figure 1) that a decomposition of the TI alloy takes place during the 
annealing. The alkali metal is intercalated whereas metallic TI is found outside the & 
structure. 

Samples # 2, 5, and 6 were prepared in a way similar to that proposed by 
McCauley et al.4. Rb&a (K6Cw) was ground with an equivalent of C m  pelletized in 
order to achieve a fast equilibration between rubidium-rich and rubidium-poor grains, 
and annealed at 350" C for 5 days. The intercalation process was controlled by X-ray 
diffraction. We determined the particle size of the intercalated material by SEM to be 
10 * 5 pm, whereas grain sizes of the Rb3Ca sample # 7 were less than 2 pm, with 
only very few grains showing diameters up to 10 pm. 

All samples, prepared by pressing the Cm and A6Ca (A = K, Rb) powder before 
annealing it, showed a slight shoulder in the ZFC-curve and two pronounced absorption 
peaks in the imaginary part of the ac susceptibility5. This is significant for the electrical 
coupling between grains and the collective screening of several superconducting grains. 
Those specimen also showed a diamagnetic signal corresponding to a superconducting 
volume fraction of 109 2 20 % for K3Cm and 77 -+20 % for Rb3Ca. 
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ANALYSIS OF THE TEMPERATURE DEPENDENCE O F  THE 
MAGNETIZATION 

In powder samples with small grain size the ratio of the (paramagnetic) surface near 
volume compared to the fully screened diamagnetic volume is by far greater than in lar- 
ge single crystals. Therefore one expects the temperature dependence of the total 
magnetic moment below T, to be more pronounced. In the Meissner phase, the shape 
of the ZFC curve of powder samples with grain sizes of the order of the penetration 
depth is then governed by the temperature dependence of the magnetic penetration 
depth. I 

Figure 1 X-ray diffraction (Cu K,) patterns of a) pure Rb3C~a,, b, .md c) 

(extended scale) Rb3Ca prepared using a RbTl alloy, in comparison with d) the 
spectra of the alloy used for preparation and e)  of pristine C a  and metallic TI. 

Figure 3 plots susceptibility (dc SQUID) versus temperature for a (RbTI l.j)3Ca 
sample with grain diameters less than 2 urn. The temperature dependence of the mag- 
netization is particularly affected by the finite grain size in this sample (A (0) = 2470 8, 
for R h C a 6 ) .  There should be no electrical coupling between the grains since no 
second absorption peak could be observed in the imaginary part of the ac susceptibility. 
If we thus assume that the overall magnetic moment 6 may be written as the sum of 
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the magnetic moments of the single grains and that the external magnetic field acting 
on each grain is equal to the applied magnetic field, the total magnetic moment p (7) 

h 

5 
cd 

h 

r= 

v 

3 
.r( 

2 
@ 
$ 
2 

3 

0 10 20 

temperature (K) Temperature (K) 

Figure 2 Comparison of dc (SQUID) Figure 3 Dc susceptibility of 
and ac susceptibility of K3Cm (RbTl1,.5)3C60 (Hen = 8 G )  

can be related to the magnetic penetration depth through 7,8 

Here x = r/A(T) ( x ,  - r /A(O))  with r being the mean radius of the single grain and 

N(T) the demagnetization factor (in the following its temperature dependence will be 
neglected). 

No universal temperature dependence exists for the magnetic penetration depth in 
BCS theory. It rather depends on the BCS coherence length 50. the electronic mean 
free path l o  and the gap function A( 7) g. In this paper we consider three cases: 

1) clean local limit h(0) >> 50, lo - 03 
While kA is the Boltmann's constant, o an average lattice frequency and F(E) 

the Fenni function E = m. For the weak-coupling limit (A(0) = 1.76 kBT,) one 
can find the later by Mlihlschlegel 10. 
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h I I I I I 

._.............. weakdir ty 

- - - - -  two fluid 
*- 

temperature (K) 

Figure 4 Fits to the experimental data of Figure 3 based on eqs. (l), (2 ) ,  (4)  and (5)  

2 )  extreme anomalous limit &, >> h(O), lo -+ 00 

It can be shown9 that for BCS superconductors in the weak coupling limit this 
equation with tabulated A(7)/A(O) values1° comes close to a curve obtained with the 
empirical "two-fluid'' formula 11 

Eq.(3) however is expected to be inadequate for Cmsuperconductors because the 
latter do not fulfill the condition 50 >> h(0). The validity of Eq. (4), on the other hand, 
is not only restriced to the extreme anomalous and weak-coupling limit but also 
represents an appropriate approximation for h(7') in the strong-coupling local limit 12. 

3) Dirty local limit, h(0) >> 50 >> 6 
-1'3 

(5) m=($2wm) A( T )  
2k,T 

Figure 4 shows a scaled plot of - d'(T) as measured for the Rb3Cm sample # 7. The 
data are fitted on the basis of equation (I), (2), (4), and (5). Although the differences 
between clean and dirty local limit are not very pronounced the best agreement between 
calculated and experimental data is achieved if this sample is considered to be a BCS- 
type weak-coupling superconductor in the clean local limit (eq. 2). With this fit a value 

PfO) 
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of r/h(O)= 3.34 is obtained. Using a penetration depth h(0) = 2470 A6 results in an aver- 
age grain diameter of 1.65 pm which corresponds to what is observed by electron 
microscopy. An analysis of the ZFC-data of Rb3Cm published by Politis et al." also 
agrees best with the theoretical prediction if one assumes a BCS-type weak-coupling 
superconductor in the clean local limit. 

In summary the preparation according to Mc Cauley et aL4 leads to samples with 
higher crystallinity and a higher diamagnetic shielding signal. But it also seems to pro- 
duce specimens that are agglomerates of particles with many voids inbetween and thus 
simulate a higher superconducting volume fraction. In powder samples with particle 
sizes comparable to the penetration depth the diamagnetic signal is reduced drastically 
by grain size effects. Here an analysis of the ZFC-curve in the Meissner state allows to 
study the temperature dependence of the magnetic penetration depth which is related to 
the electronic properties of the superconducting state. The best agreement is achieved if 
a weak coupled BCS-type superconductor in the clean local limit is assumed. 

We would like to thank B. Klosgen for taking the electron microscopy pictures 
and G. Kaindl for placing the SQUID magnetometer to our disposal. This work was 
supported by the Bundesministerium fur Forschung und Technologie, 
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