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Crystal Structure of Europium Cs0 Compounds 
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Y. MATSUOKA and H. SUEMATSU 

Department of Physics, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, 
Tokyo 113-0033, JAPAN 

(Received M a y  30, 999; In final form July 6, 1999) 

We have studied crystal structures of europium C60 compounds by high resolution x-ray dif- 
fraction measurements. In the systematic synthesis of Eu&o for x (0 5 x I 6). two stable 
phases appear at x = 3 and 6.  Eu6C6,, has a bcc structure, which is an isostructure to M&, 
( M  represents an alkali or alkaline earth metal). E u & ~  has a superstructure derived by dou- 
bling the fL.c pristine c60 crystal along three principal axes. This superstructure comes from 
an ordering of cation vacancies, which is analogous to Yb2,75C60. 

Keywords: C6,; rare earth fulleride; synchrotron x-ray diffraction 

INTRODUCTION 

Since the discovery of Cm there has been great interest in this novel molecule 
and many compounds with various atoms and molecules were synthesized. 
Especially, alkali and alkaline earth fullerides are intensively studied because 
of the variation of the compounds and superconductivity['# *I. Rare earth 
metals can be good candidates to make compounds with Cm, which attract 
interest not only in superconductivity but also in magnetism originated 
from localized 4f electrons. Superconductivity in rare earth fullerides was 
reported in Ybz .&&3]  and SmICm (x E 3)[']. As for the Eu compounds, 
a photoemission study of Cm evaporated on Eu revealed the formation of 
fulleride and the charge transfer from Eu to Cm[']. The bulk compounds of 
Eu,Cso was synthesized by solid-solid reaction at high temperatures and the 
compounds of I = 3 and 6 were identifiedI61. Measurements of their magnetic 
properties revealed that a magnetic moments was carried by europium ion. 
However no detailed structural study has not been made so far. 

In this paper, we report on the high resolution x-ray diffraction exper- 
iments of Eu,CW. Two stable phases a t  x = 3 and 6 were confirmed in the 
systematic synthesis of Eu,Cm for x = 0 to 6. We also present the crystal 
structures of these stable phases, Eu3Cm and EwCm. 
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FIGURE 1 X-ray diffraction spectra of Eu,Cm and nom- 
inal composition 2. Filled circles, triangles, and squares 
represent main peaks in Ca, E u B C ~ ,  and EugCw, respec- 
tively. 

EXPERIMENTAL 

The polycrystalline samples of Eu,Cw were synthesized by solid state reac- 
tion. Stoichiometric mixture of Eu and Ca powder was loaded in a tantalum 
boat and sealed in a quartz tube. Heat treatment was done at 600 "C for 
about a week. The obtained samples were sealed in a thin glass capillary 
for x-ray experiments. 

Powder x-ray diffraction measurements were carried out by using syn- 
chrotron radiation x-rays at  Photon Factory (BL-6CI and BL-lB), KEK, 
Tsukuba. The incident x-ray was monochromatized at  wavelength 0.6890 A 
with a Si(l l1) double-crystal monochromator. An imaging plate was used 
for detection of the diffraction, which was converted in the conventional 
spectrum by integrating the intensity along the Debye ring. 

RESULTS AND DISCUSSION 

Figure 1 shows the powder x-ray diffraction spectra of Eu,Cw for various 
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CRYSTAL STRUCTURE OF E u , C ~ ~  567 

FIGURE 2 Powder x-rap "Fraction pattern of EuGC6U 
and thc result of slructural analysis. Dots and solid linc 
represent observed and simulated inlennities, respectively. 
The best Hwrp is 6.39 %. Some regions a t  5-10 degree were 
excluded in thc analysis because of the peaks froin a little 
trace of Eu3CG0. In the excluded region between 5 and 
10 degree there is a tittle trace of Eu&m. Inset is the 
obtained crystal striict~irr of EueCeo. Two right figures arc 
views from the [OlO] direccioii. A and B correspond two 
minima of a,, as a function of Eu position y, described in 
the text. 

iiomiiial composition I. The spectra of T = 1 and 2 can be understood w a 
mixed phase of I = 0 and 3: while those of z = 1 and 5 are considered as a 
iiiixed phase of :P = 3 and 6. We can identify z = 3 a.nd (i as stalile phases 
and no other stable phase exists. This is the saiiie trend as Srn,C&q. 

Crystal Structure of E u G C ~  
As shown in Fig. 2, alrnost all peaks in the diffraction spectrum for Eu,jC:m 
can be indexed by a bcc lattice with = 10.949 f 0.007 h; thc crystal 
structure is analogous to &Cm (M is an alkali or ah l ineear th  metal). The 
diffraction intensities were aiialyzed using t h e  RIETAN Rietveld refinement 

In the analysis we rernoved the region around the peaks which 
come horn a little trace of E U ~ C W .  The space gmiip fm3 was used in 
accordance with other M&m. The C-C bond le!igtb of COO is fixed to 1.40 

[or the hond belween two hexagons and 1.45 A for that between hexagon 
and pentagon. The same temperature factor is assumed for all carbon sites. 
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568 H. OOTOSHI et a1 

TABLE 1 The obtained atomic parameter in Eu&m. 
The space group is Id and the lattice constant is a. = 
10.949 A. 

Site x Y z B(A7 
C1 24s 0.0639 0 0.3178 3.4(7) 
C2 48h 0.1302 0.1072 0.2769 3.4 
C3 48h 0.0662 0.2106 0.2373 3.4 
Eu 12e 0.5 0.2763(6) 0 2.9(3) 

12.0 

1 l . B  
T 

11.6 

z g 11.4 

p 11.2 

c, 

.I 
11.0 

10.8 

. . . . . .  
cs 

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 
Ionic Radius (A )  

FIGURE 3 Ionic radius V.S. lattice constant in bcc M&m. 
E h C m  with EuZ+ just lies on the divalent line. The lattice 
constants except for EwCm are quoted from Ref. 9. 

Eu atoms are put a t  12e (!j,y,O) site. Two models for the orientation 
of Cm molecule are considered: One is the ordered model, where all Cm 
molecules are aligned in the same orientation, that is, three orthogonal two- 
fold axes of Cm molecule are parallel to the unit lattice vectors. The other 
is the merohedral disordered model. The former gives better fit (RWp = 6.39 
%) than the latter (&,, = 6.77 %). Orientational ordering of Cm is also 
observed in the alkali and alkaline earth fullerides. On the other hand, we 
found two minima in &, as a function of Eu position y, that is, y = 0.2267 
(position A, &, = 6.96 %) and y = 0.2763 (position B, &, = 6.39 %). 
The corresponding figures are shown in the right part of Fig. 2. The lower 
R,, was obtained a t  the position B, where a cation is attracted toward the 
hexagon. This result is reasonable because the hexagon is more negatively 
charged than the pentagon. The obtained atomic parameters are presented 
in Tab. 1. 

Figure 3 shows the relation of lattice constant and ionic radius in bcc 
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CRYSTAL STRUCTURE OF Eu,Cho 569 

1 I 
4 8 12 16 20 

28 (degree) 
FIGURE 4 (a) X-ray diffraction pattern of Eu3Cm. Dots 
represent observed points and solid line represents the 
LeBail fit in Pd. (b) Simulated spectrum of Eu2.75Cm 
assuming the same structure as Ybz.7sCm. 

M6Cm, where the case of Eu2+ and Eu3+ are plotted. If Eu takes divalent 
state, the lattice constant of Eu&m just lies on the extrapolation of Sr6Cm 
and B%Cm. In the case of trivalent Eu ion, the lattice constant should be 
smaller than the observed value because of smaller ionic radius and stronger 
Coulomb attraction between Eu and Cm. In 6cc structure of Eu6Cm there 
is only one crystallographically equivalent site for Eu, so that all cations 
should have the same magnetic property, namely, a magnetic moment of 
7pg. On the contrary, magnetic measurementl'l showed the coexistence of 
Eu2+ and Eu3+. Curie constant estimated above 150 I< can be understood 
by assuming that half of Eu ions are non-magnetic trivalent state. We can 
consider some possibilities to explain this inconsistency. One is a static 
or dynamic reduction of structural symmetry which could not observed in 
our experiments. Another is that an magnetic interaction between Eu ions, 
which already exist above 150 K ,  causes apparently small magnetization. 

Crystal Structure of Eu3Cm 
Diffraction spectrum of Eu&m is shown in Fig. 4(a). We can indexed al- - . .  
most all peaks by the primitive cubic lattice of a0 = 28.258 f 0.006 A, 
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570 H. OOTOSHI r f  a1 

which corresponds the double size of the pristine fcc Cm. This reminds us 
of the superstructure of Yb2.75Cm type where the cation vacancies in every 
eight tetrahedral sites are long-range-ordered and ytterbium cations occupy 
off-centered interstitial sites in the fcc Cm latticA3]. LeBail refinement for 
E u & ~  was carried out based on the space group P d  and obtained good fit 
of LP = 6.89 %. The space group of Yb2.75Cm is Pcab which is a subgroup 
of Pa3, but we cannot determined in our experimental condition whether 
an orthorhombic distortion occurs or not. As shown in the bottom side 
of Fig. 4(h), we simulated diffraction intensities of Euz.T5Cm, assuming the 
same structure as Ybz..r5Cm. It reproduces well the main feature of the 
observation. The superstructure of Eu3Cm might also originate from the 
ordering of cation; the model is reasonable to  explain such strong intensity 
of superlattice reflections in the low angle region. However there are some- 
what different diffraction intensities between simulation and observation, 
especially a t  6-9 degree, and a more precise structure and stoichiometry 
analysis should be done. 

CONCLUSION 

We have studied crystal structures of two europium fullerides, EU&m and 
Eu3Cm by x-ray diffraction. Eu&m has a bcc structure with Q = 10.949 
A, which belongs to &Cm family of alkali and alkaline earth fullerides. 
Eu3C,j,, has a double size of unit cell of pristine Cm (a0 = 28.258 A).  This 
structure is similar to Ybz.7sCm and Sm,Cm (z 2 3), and these Re,Cso 
with 5 rv 3 (Re is a rare earth metal) make a new structural category in 
fullerene compounds. 
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