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Ferromagnetic Behaviour of TDAE-C60 Samples 
Studied with a SQUID Magnetometer 

ZVONKO JAGLIEI~  a, JANKO L U ~ N I K ~ ,  JANEZ PIRNAT~, 
ZVONKO TRONTELJ~, DRAGAN MIHAILOVIC~, ALES MRZEL~ 

and ALES OMERZU’ 

ahstitUte of Mathematics, Physics and Mechanics, Jadranska 19, 1000 
Ljubljana and bJozef Stefan Institute, Jamova 39, Slovenia 

A SQUID magnetometer has been used to study magnetic properties of TDAE-C,, single 
crystal and powder samples and another fullerene derivative APhF-Co. The measured mag- 
netic transitions, magnetization curves and hysteresis in magnetization curves lead to the con- 
clusion that TDAE-C6, behaves as a ferromagnet. 

Keywords: fullerene; TDAE-C,, 

INTRODUCTION 
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EXPERIMENTAL 
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FERROMAGNETIC BEHAVIOUR OF TDAE-C~O 

obtained by moving a sample in an external magnetic field of strength H 
along the axis of superconducting detection coils in gradiometric configu- 
ration. The signal was calibrated by the common standard CuSOr.5H20. 
The measuring system allows measurements from 4.2 K till 25 K .  Magne- 
tization curves have been measured by changing the external magnetic 
field strength H from 0 + H,,, + -H,,,,, + 0, where H,,, was ap- 
proximately 10 000 A/m. 

MEASUREMENTS AND DISCUSSION 

Figure 1 shows the temperature dependence of magnetization for about 
1 mm3 large TDAE-Ceo single crystal in a magnetic field strength H = 

4000 A/m. Above the transition temperature the magnetic signal of this 
sample is below the sensitivity of our measuring system. Magnetization 
below the transition temperature has been detected only after the sample 
was thermally annealed. Several newly grown single crystals samples did 
not show any magnetic signal before thermal annealing procedure which 
is in agreement with previously reported res~l t s . [~ l  
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Figure 1 
H = 4 000 A/m. 

M ( T )  dependence in  TDAECm single crystal sample in 
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472 Z. J A G L I ~ I C  eta[ .  

The M(H) dependence at 4.2K is shown in  Figure 2. The mag- 
netization reaches saturated value of about 6500A/m a t  the magnetic 
field strenght H = 3 000 A/m. A calculated maximal magnetization of 
TDAECGo single crystal sample, considering a monoclinic unit cell with 
a = 15.858 A, b = 12.998 A, c = 19.987 A and /3 = 93, 37"L51 with four free 
electrons per unit cell, is about 9 000 A/m. The measured value of the 
saturated magnetization is more than 70% of the calculated one. 
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Figure 2 M ( H )  dependence in TDAE-Cm single crystal at 4.2 K. 
Figure 2 b) shows the same measured data points as Figure 2 a) but 
only for small magnetic field strength H to make the hysteresis visible. 

and o are for increasing and decreasing H ,  respectively. 
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FERROMAGNETIC BEHAVIOUR OF TDAE-C," 413 

A hysteresis loop in the M ( H )  dependence has been also observed, as 

Next we compare the magnetic properties (transition temperature and 
M (  H )  dependencies at several temperatures below the transition tem- 
perature) between the slowly cooled sample and quenched sample. The 
cooling rates were about 2 K/min and 300 K/min from room tempera- 
ture down to 4.2K for slowly cooled and quenched samples respectively. 
We did not observe any shift of the transition temperature or changes in  
M ( H )  dependencies for either cooling rate. 

Similar measurements have been carried out on TDAEC6o powder 
samples. Figure 3 shows the M ( H )  dependence of TDAEC6o powder 
sample at  4.2 K. The x-axis scale (the strength of the magnetic field H) 
is same as on the Figure 2. a), while the y-axis scale (the magnetization 
M )  is much smaller than the magnetization of single crystal samples in 
the same external magnetic field. 

shown in Figure 2 b). The remanent magnetization is about 300 A/m. 
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Figure 3 M ( H )  signal in  powder TDAEC6o (0) and in APhF-Co 
( 0 )  sample at 4.2 K. Full lines are M ( H )  dependencies calculated from 
the model of superparamagnetism with the cluster density and spin of 
the cluster which best fit the experimental data. 
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414 Z. J A G L I E I ~  e ta / .  

The saturation magnetization in powder sample is about 280 A/m, 
which is only 4% of the saturatioii magnetization of single crystals. The 
difference can be contributed to the smaller density of the powder sample 
and the surface effects due to a grain structure of the powder sample. 
The full line on the Figure 3 is a function calculated from the model of 

superparamagnetism. The calculated number of spins in  each cluster of 
ferromagneticaly ordered spins is of the same order of magnitude as the 
number of molecules in each grain of TDAECeo powder sample as deter- 
mined by scanning electron microscope. The hysteresis in magnetization 
curve in TDAE-Ceo powder sample has also been observed. 

A similar magnetic response has been measured on APhF-Co. Figure 4 
shows the phase transition to ferromagnetic phase in APhF-Co measured 
in the magnetic field strength of 4000A/m. The transition temperature 
is about 18 K.  The value of the saturated magnetization in APhF-Co is 
smaller than the saturated magnetization in TDAE-Ceo powder sample 
(see Figure 3)  by the same factor as is the ratio of densities of these two 
powders. This means that the average magnetic moment per molecule of 
TDAE-Cso and APhF-Co powder samples are of the same order of mag- 
nitude: about 3% and 2% of the Bohr magneton, respectively. 
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Figure 4 M ( T )  dependence in APhF-Co. 
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FERROMAGNETIC BEHAVIOUR OF TDAE-C,, 475 

CONCLUSIONS 

The results of o i i r  c l c  SQIIID magiictizatioii iii(,~isiii.(,iii(~irts oii TI)AE- 
(:(jO siiiglp cryst.iils aii(1 I J O W ~ O ~  ~ i i i i i i ~ l t . ~  iiitliviitc, ii riiagiic~tic~ally o r ( l t b i . t , ( l  

pliasr 1)c.low 1:) I<,  “S” sliape(I iiiagiit,ti~iit,ioii c i i r v t ~ s  aiitl Iiysttw*sis i i i  t l i t .  

magnetization CIII’VCS lratl to the. (wiicliisioii that, ‘I’I)AE-( I~eliitvrs iis 

a kwoiliagiiet. ‘h, cliff(wii(.t,s i r i  magtictic I)rolwrtit’s l w t w w i i  siiigl(. 

c,ryst,al aiitl pow(1t.r s i ~ i i i p l t ~  caii I)(* itttri1)iitrtI to tlir gritiii s t r i ic t  l i r e  o f  tlic 

pow‘lcl salllplr. 

Ailother fiill(wiie tlvrivativt~, APIiE’-(‘o, w l i t - r c ~  rlcrtroii t l o i r o r  is w l m -  

toceiie iiistrii(l of TDAE, liils siiiiilar itiagiiet,ic propertit’s i ts  ‘ l ’ l ) / l  t<-( ‘li,, 
1mwdc.r s;iiiiplc. Tliis rail suggest. that. t.lir c.sstaiitial iiigrrdiviit, for t,lir 

f(woriiagiicxtic- proprrtic’s of t l i r w ,  1liat(,rii1ls is the, f i i l lwxwt l  inolerule. 
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