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Figure 1 
LD-TOF mass spectrum for the soot containing EuC6o. 

(Recieved 

Eu Lm-edge XAFS spectrum for EuC60 was measured at room 
temperature in order to clarify the position of the Eu atom. The 
distances between the Eu atom and the neighboring C atoms 
determined by XAFS showed clearly that the Eu atom was in 
the inside of C60 cage, and located on the off-center by 1.4 A. A 
XANES spectrum showed that the Eu atom took the mixed 
valence states of +2 and +3. 

Keywords: Eu L,,-edge XAFS, metal endohedral C~  endohedral 
structure, off-centar position, mixed valence state 

1. Introduction 

Metal endohedral C60 (M@C60, M: atom), in which M exists in 
the inside of C6o cage, is very interesting compound in its 
potential applications as superconductors and organic 
ferromagnets. However, the experimental studies have scarcely 
proceeded because of the difficulty in its preparation and 
isolation. The position of M in M@C60 has not been 
determined so far, and the endohedral structure has not been 
confirmed for M@C6o. Therefore, at the present stage, the 
symbol "@" which implies the endohedral structure cannot 
strictly be used for all M@C6o prepared by an arc-heating or a 
laser-vaporization method. 

Recently, we reported the effective preparation of MC60 by 
an arc-heating method and its effective extraction with aniline 
(Kubozono et al., 1995; Kubozono et al., 1996a; Kubozono 
et al., 1996b, Kubozono et al., 1996c; Takabayashi et al., 
1997). Subsequently, we found that the soot prepared by an 
arc-heating exhibited a pronounced peak ascribable to EuC60 
with weak peaks for C60, C70 and EuCT0 in the laser desorption 
time-of flight (LD-TOF) mass spectrum, as seen from Fig. 1. 
Hence, it is expected to obtain the information on the position 
of Eu atom in EuC60 by measuring the XAFS of this soot 
containing large amounts of EuC6o. 

2. Experimental and data analysis 

The soot containing large amounts of EuC60 was prepared by 
an arc-heating of Eu203/graphite composite rods (Toyo Tanso; 
Eu203 concentration of 0.8 mol%) at 25 V and 80 A under 80 
Torr of He. The LD-TOF mass spectrum was measured with 
Finnigan Vision 2000 LD-TOF mass spectrometer. Eu LI,- 
edge XAFS spectrum of the soot was measured at room 
temperature in the transmission mode with a Si(111) monoch- 

romator at BL01B1 of SPring-8. The Rh mirror was inserted in 
order to eliminate the harmonics. The XAFS oscillation x(k) 
was extracted from the XAFS spectrum by eliminating the back 
ground with Victreen formula, cubic spline method and 
McMaster coefficients (McMaster et al., 1969). The threshold 
energy Eo was evaluated to be 6.9775 keV from the inflection 
point of Eu-Lm edge. The radial structure function ¢(r) was 

obtained by a Fourier transform of the k 3 z(k) in the k-region 
from 3.5 to 11.0 A "]. The structural parameters were determined 
by a least-squares fitting to the x[k) in the k-region from 3.5 to 
10.9 A "1 derived by the inverse-Fourier transform of ¢(r) with 

XAFS formula within the harmonic approximation (Ishii, 

1992); the z(k) was obtained from the O(r) in the r-region from 
1.08 to 2.57/~. The mean flee path of photoelectron and the 
shift from the E0 were also parameterized with the distances 
and Debye-Waller factors between the Eu atom and the 
neighboring C atoms. The theoretical values reported by 
McKale et al. (1988) were used for the backscattering 
amplitudes of atoms and the phase shifts. The programs 
"XAFS93" and "MBF93" developed by one of the authors 
(Maeda) were used for the XAFS data analysis. 

3. Results and Discussion 

Fig. 2(a) shows @(r) obtained by a Fourier transform of k 3 ~k). 

The imaginary part of the ¢(r) exhibits two pronounced peaks 
at 1.63 and 2.08 A which can be assigned to the scattering 
between the Eu atom and the first neighboring C atoms and 
that between the Eu atom and the second nearest C atoms, 
respectively. The distance and Debye-Waller factor between 
the Eu atom and the first neighboring C atoms, rE,-C(1) and 
(3"1(2), and those between the Eu atom and the second 
neighboring C atoms, rE,-C(2)and (3" 2(2), were determined 
according to the procedure described in the previous section. 
The numbers of the first and the second neighboring C atoms 
were fixed to six by assuming that the Eu atom lies on the 
center of a six membered ring of C60 cage. The rz,-c(I) and rE,,-C(2) 
were determined to be 2.338(8) and 2.84(1) A, respectively. 
The (3" 1(2) and o" 2(2) were 0.0048(6) and 0.006(1) A 2, 
respectively; the XAFS calculated with these parameters 
reproduced well the experimental one, as shown in Fig. 2(b). 
If the Eu atom exists in the outside of Coo cage, the rEu-C(2) is 
expected to be 3.73,4, from the experimental rE,-C(I) = 2.338 A. 
However, the ~,-c(2) determined by XAFS is consistent with 
that expected for the case that the Eu atom exists in the inside 
of C6o cage, 2.87 A. This result shows clearly that the Eu atom 
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Figure 2 
(a) Radial structure function @(r) derived by Fourier transform of XAFS 
oscillation k 3 ~k) for the soot; the thin and thick lines are the magnitude 
and the imaginary part of d~r), respectively. (b) The closed circles and 
solid line refer to the XAFS derived by inverse-Fourier transform of 
d~r) and that calculated with the structural parameters, respectively. 

is in the inside of C60 cage, i.e., EuC60 takes the endohedral 
strucure which can be represented as Eu@C60. Further, the 
position of the Eu atom which satisfies both the rEu-CO) of 
2.338(8) A and the rEu-C(2) of 2.84(1) A in the inside of C60 cage 
is not located on the on-center position but the off-center 
position by 1.4 A. The small o" t(2) and o" 2(2) may also reflect 
the endohedral structure. This result is the first experimental 
evidence for the endohedral structure in M@C6o. 

The rE,-C(]) and rE,-c(2) were slightly smaller than La-C 
distances, rLa-CO) = 2.47(2) A and rLa-c(2) = 2.94(7) A, in 
La@C82 determined by XAFS (Nomura et al., 1995), and Y-C 
distance, ry-co)= 2.47(2)/~ in Y@C82 determined by maximum 
entropy method of powder X-ray diffraction (Takata et al., 
1995). As the ionic radii of La 3+ and y3+ are 1.17 and 1.04 A 
for the case of six coordination, and those of Eu 2+ and Eu 3+ are 
1.31 and 1.09 A, the small Eu-C distance in Eu@C60 may 
reflect the size of the cage. Though the fact that the Eu atom 
was located on the off-center position was consistent with the 

theoretical prediction by ab-initio SCF Hartree-Fock 
calculation for Ca@C60 (Wang et al., 1993), the experimental 
distance between the Eu atom and the center of the C6o cage 
was different from the theoretical distance, 0.7 A, for Ca@C6o. 
The theoretical pertinence for the position of the Eu atom in 
C60 cage should further be examined. 

The XANES spectra around the Eu Lm-edge for ~ Eu@C60 
consisted of two components which were assigned to Eu 2+ and 
Eu3*; the difference in energy between Eu 2÷ and Eu 3+ peaks 
was 8 eV. The Eu 3÷ peak in Eu@C60 was observed at the same 
energy position as that in Eu203 which exhibited only a 
single peak of Eu 3÷. These results suggest that the Eu atom in 
Eu@C6o possesses the mixed valence states of +2 and +3. This 
oxidation state is different from that of the Eu atom in Eu@Cs2 
in which the oxidation state of Eu atom is presented to be +2 
from the electronic absorption spectrum (Kikuchi et al., 1997). 
The difference in the oxidation states between Eu@C60 and 
Eu@C82 gives a new interesting problem. 

In this study, the endohedral structure for Eu@C6o was 
experimentally confirmed. This confirmation should lead to 
further interests and development in chemistry and physics of 
M@C60. 
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