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A remarkable discovery in fullerene chemistry has been the
reaction of G with the strong organic donor tetrakis-dimethyl-
amino-ethylene to afford a ferromagnetic (FM) solid, (TDAE)C
with a Curie temperaturéc = 16 K. Antiferromagnetic ground
states have since been encountered in various fulleride salts, 230
including the polymers Rb{? and NaRhy:Cs7Ceo, and the
ammoniated salt, (NHK3Ceo.* Despite efforts, no magnetic
structure determination has been possible for any of these systems,
as no magnetic Bragg scattering has been observed in neutron
diffraction experiments, presumably related to the small magnetic
moment per G and the details of the &g magnetic form factor.

On the other hand, potentially interesting magnetic molecular
materials may be also formed when the metal dopants in fulleride
salts carry a magnetic moment. Good candidates are rare-earth
fullerides in which the lanthanide ions occupy the interstitial space
between the € units in the solid state, and magnetic correlations
involving the unpaired 4f electrons could develop either through
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has be(?n recently prQV|deF1 by work on .the phgse dlagram.of EU- Figure 1. Selected region of the normalized powder neutron diffraction
Cso, Which led to the isolation of the cubic fulleride, &g This profiles ¢ = 0.808 A) of EuCso at 1.7 and 25 K showing the appearance

displays a transition to a FM state near 14 K which is accompanied of additional reflections belowe.
by a very large negative magnetoresistan¢tere we report a  experimental conditionAs o, is strongly wavelength dependent
determination of the low-temperature magnetic structure gCku and shows a minimum &t= 0.72 A8 powder neutron diffraction
by powder neutron diffraction. The configurational symmetry of §ata above (25 K) and below (1.7 K} were collected (22 h runs)
the magnetic structure is body-centered cubic (bcc), and the on the high-intensity diffractometer D20 at the high-flux reactor at
magnetic moment per Eu atom refines to 7.14g) the Institut Laue Langevin (ILL), Grenoble, At= 0.808 A. The
The synchrotron X-ray powder diffraction profile of El° at raw data were merged and normalized to standard vanadium runs.
10 K did not show any reflections violating bcc extinction rules, At this wavelength, the linear absorption coefficiemf EuCeo,
thus implying the absence of any structural transitions with the js 0.948 mm®. The sample (0.43 g) was introduced in a double-
crystal structure of E4Ceo remaining strictly cubicg = 10.9286-  \yalled vanadium cylinder (5 cm height, 4.5 cm outer diameter,
(2) A, space groupm3, agreement factors of the Rietveld (.5 mm annular thickness), resulting in a calculated transmission,
refinement: Ry, = 4.85%, Rexp = 8.55%, Figure 1S, Supporting T = exp(-ux) of 0.39. Appropriate absorption corrections to the
Information) to low temperatures, isostructural witheBa.” neutron data were then appligthspection of the 1.7 K diffraction
To search for scattered intensity of magnetic origin, which profile revealed a significant increase in the intensities of selected
provides the unambiguous signature of long-range magnetic ordernclear peaks and the presence of additional reflections of magnetic
and allows the determination of the spin arrangement, powder grigin not present at 25 K. The latter could be indexed on the basis
neutron diffraction measurements beldware necessary. However,  of the chemical unit cell (for example, as (310) and (222) in Figure
natural Eu has an extremely high absorption cross seetig?#530 1), implying that the magnetic and chemical unit cells coincide
barns atl = 1.798 A) for neutrons, making such measurements (magnetic propagation vectar,= (000)), as expected for a FM
extremely challenging and only possible under carefully optimized material. In addition, as all reflections obey bcc extinction rules at
*To whom correspondence should be addressed. E-mail: (S.M.) sm413@ 1.7 K, the configurational symmetry of the magnetic structure of
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Figure 2. Observed ©) and calculated-{) powder neutron diffraction

profile (1 = 0.808 A) of EuCso at 1.7 K. The lower line is the difference
profile, and the ticks mark the nuclear and magnetic reflections.
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Figure 3. Unit-cell basal plane projection of the crystal and magnetic
structure of bce E4Cso. The moment directions are arbitrarily drawn parallel
to thea axis.

quality of the refinement was unsatisfactoBy§ = 1.52%,Rey, =
0.38%). The fit improved significantly when the geometry of the
Cso Units was relaxed and the carbon positions were refiaed (
10.9292(15) AR,, = 1.05%, Table 1S, Supporting Information).
Rietveld refinement of the neutron diffraction data at 1.7 K was
then performed with a two-phase model to account for the chemical
and magnetic structures. The former was described with the
structural model obtained at 25 K, while for the latter, the magnetic
moments of the 12 Eu sites in the unit cell were aligned in the
same direction. We note that for a cubic ferromagnet, the spin

direction cannot be deduced for randomly oriented domains, as the

same magnetic intensities result for any spin direction with respect
to the crystallographic axé8The refinement proceeded smoothly
resulting in a refined magnetic moment per Eu aten¥ 7.1(3)

us. The final refinement at 1.7 K is shown in Figure R,y =
1.08%, Rexp = 0.37%,Rnag = 14.0%,a = 10.9262(15) A).

Several points arising from the present work are of particular
interest. Figure 3 shows a perspective view of the bcc crystal and
magnetic structure of ECso. As the free-ion value of the magnetic
moment of E&" (8S;,) is 7.94ug and Ed' is nonmagnetic’fo),

the magnetic moment observed at the Eu sites leads to the
n (13) Katsuya, TIBM J. Res. De. 197Q 14, 214.

unambiguous conclusion that Eu is present in the divalent state i
EuwsCeo. This is in agreement with field-dependent magnetization

measurements at 25Kand contrasts with earlier reports of the
presence of sample-dependent Eu mixed valency(Eudt ~
1-4)11 Concerning the origin of the FM exchange interactions
between E&f, we note that the closest Bu-EWw+ distance in
EuCso is 3.8845(2) A at 1.7 K, considerably smaller than that in
the antiferromagnetic graphite intercalate Eu&4.3 A)2 but
straddling those in FM EuO and EpC~3.6—-4.1 A)13In the latter,
the FM interaction between Euions is through direct exchange
of the nearest neighbor 5eif unpaired electrortd and T¢ scales
with the E#t—EWw+ distance. However, in EGgo, €ach E&" ion
coordinates to two hexagonal and two pentagonal faces of
neighboring Gy anions and displays short E€C contacts: 2.88-
(1) and 2.90(1) A to hexagon C(3) and pentagon C(1) atoms,
respectively. These are only marginally larger than the sum of the
ionic radius of E&* (1.12 A) and the van der Waals radius of C
(1.70 A) and are suggestive of hybridization between the 5d and
6s orbitals of Eu and theorbitals of G, in analogy with the
isostructural and isoelectronic g2y, and SgCeo.” Such orbital
mixing implies that the FM exchange interactions between the 4f
electrons are modulated by théCq) orbitals and provides a natural
explanation for the conducting and giant magnetoresistive behavior
of EUGCGO.S

In summary, we provided the first magnetic structure determi-
nation of a fullerene-based molecular ferromagnet by powder
neutron diffraction. The lanthanide exchange interactions yCku
are modulated by the ganions, and orbital mixing can account
for the observed magnetic and conducting properties of the material.
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