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Introduction

The discovery of fullerenes, i.e., cage-like all-carbon molecules in 1985 by Kroto and his

coworkers was welcome by the scientific community as an astonishing breakthrough [Kroto

et al., 1985]. The advent of large-scale fullerene science dates to 1990, when the arc-

vaporization method for the mass production of fullerenes was developed [Krätschmer et

al., 1990]. The discovery of superconductivity in alkali fullerene compounds [Hebard et

al., 1991] with surprisingly high transition temperature opened a new avenue in fullerene

research.

The dimensions of interstitial voids in the C60 crystal structure and the high electron

affinity of the C60 molecule motivated the research of intercalating alkali atoms into the

fullerene structure. Indeed, a series of alkali fulleride materials AnC60 can be synthesized,

where A is an alkali metal and n = 1, 2, 3, 4, or 6. The fact that the electrons in the

conduction band are mainly concentrated on the fullerene molecules results in ineffective

electron screening and a strong on-site Coulomb repulsion. The interplay of molecular

and band physics leads to diverse properties of these compounds ranging from Mott–Jahn–

Teller insulators [Fabrizio et al., 1997] to superconducting metals [Gunnarsson et al., 1997].

The energy associated with the electronic interactions between the fullerene molecules

as well as between the fullerene molecules and alkali ions is minimized in a structure

in which the orientation of the C60 molecules is ordered. At high enough temperature,

however, the entropy associated with the rotational freedom of the molecules dominates

over these electronic interactions leading to an almost free rotation of the molecule, i.e.,

to a plastic crystal. Even in the low-temperature orientationally ordered phase, molecular

reorientations are frequent and orientational defects are abundant.

In all A3C60 superconductors the C60 molecules sit on the vertices of a face centered

cubic (fcc) lattice. Depending on the size of the alkali atoms, however, two different kinds

of orientational order may form at low temperature. In one class of A3C60 compounds the

Bravais lattice is fcc [Stephens et al., 1991] while in some other A3C60 compounds the order
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is simple cubic (sc) [Prassides et al., 1994] similarly to the pure C60 crystal. Although the

only difference between the two structures is the orientational order, the superconducting

properties are remarkably different. Most studies of A3C60 compounds have been carried

out on fcc systems; in the present work we turn our attention to the sc phase.

The present thesis is a result of a French–Hungarian cooperation which rooted deeply

in the past. The experiments were done in the Laboratoire de Physique des Solides, Orsay

supported by Marie Curie fellowship of the EU 5th framework. The high quality powder

samples were synthesized by Slaven Garaj in the research group led by László Forró in

EPFL, Lausanne.

Objectives

A big surprise of fullerene research came from alkali nuclear magnetic resonance (NMR)

investigation of A3C60 fullerides. Walstedt and his coworkers [Walstedt et al., 1993]

investigated Rb3C60 by 87Rb NMR. One expects two 87Rb lines, one for the octahedral

(O) and one for the tetrahedral (T) site symmetry with intensity ratio 1 : 2 according to

stoichiometric ratio. This is exactly what is seen above 370 K. Below that temperature,

however, the NMR line associated with the tetrahedral site is split into two lines (T and

T′) with relative weights T : T′ = 5.5 : 1. It has been shown by spin-echo double resonance

(SEDOR) that T′ is a modified T site. Since this result challenges the basic understanding

of the structure of A3C60 compounds, it has attracted much interest [Alloul et al., 1994;

Yoshinari et al., 1994; Zimmer et al., 1996; Pennington et al., 1996; Gorny et al., 1997; Kraus et

al., 1999].

Later this phenomenon was demonstrated in the whole family of A3C60 fullerides with

merohedrally disordered fcc structure. Moreover, the splitting of the NMR line of the

octahedral site (O–O′ splitting) has also been observed [Zimmer et al., 1996] by magic angle

spinning (MAS).

Several possible explanations have been put forward for the T–T′ splitting, including a
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deviation from the regular orientational configuration, displacement of the alkali ions, Jahn–

Teller distortion of the C3−
60 ion, etc. However, all attempts to distinguish unambiguously

between these possibilities failed. This makes the so-called T′ problem one of the oldest

unresolved problems related to the structure of fulleride salts.

Our aim was to contribute to the resolution of this longstanding problem by examining

the T site NMR properties in A2A′C60 compounds of sc symmetry, where A and A′ denote

different alkali metal.

Methods

Orientational defects and short-scale orientational correlations are difficult if not impossible

to investigate with diffraction techniques. Local probes such as NMR, on the other hand, are

ideally suited to the problem. In this work we put a broad arsenal of NMR techniques into

action to investigate molecular motion, orientational order, and orientational correlation in

a class of A3C60 superconductors with sc ground state. In the experiments a 7.5-T home

built homodyne NMR spectrometer was used. Moreover, a two-dimensional NMR method,

the spin-echo double resonance is applied to exclude the possibility of phase segregation of

the sample. The SEDOR spectrometer was constructed and assembled and the computer

software code was extended by the author of this thesis.

The samples were synthesized according to the alkali intercalation protocol

conventionally applied to prepare fulleride compounds [Prassides et al., 1994]. The samples

were characterized by x-ray diffraction, SQUID magnetometry and ESR spectroscopy, as

well as by NMR measurements. For the NMR measurements about 50-100 mg powder was

sealed in a quartz tube under He atmosphere.
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New results

1. I have observed in an alkali-fulleride superconductor of simple cubic structure that

the NMR line associated with the alkali nucleus of tetrahedral C60 coordination

splits into two at low temperature.1,2 I have demonstrated this phenomenon in three

different materials:3 Na2CsC60, Na2RbC60, and Na2KC60. Using a two-dimensional

NMR technique, spin-echo double resonance (SEDOR), I have proven that the two

lines originate from the same phase4 (i.e., the second line does not result from phase

segregation).

2. By measuring the temperature dependence of the 23Na NMR spectrum, spin-lattice

and spin-spin relaxation times in Na2CsC60, I have found that the origin of the

splitting of the NMR line is a dynamic two-site exchange.4 The exchange rate is

temperature activated in the temperature range 125 to 299 K with a single activation

energy 3300 ± 240 K. This finding rules out the existence of a phase transition in the

above temperature range. I have proposed that the two sites differ in the fullerene

orientational environment1,2 reflecting the large concentration of orientational defects

observed by neutron diffraction [Prassides et al., 1994] in the same material. The

mechanism of the site exchange is the reorientation of the C60 molecule. Assuming

no correlation between the defects, I have obtained the same defect concentration3 as

found in neutron diffraction experiments.

3. I have shown that the temperature dependence of both the 23Na Knight shift and

the spin-lattice relaxation differ from rigid-lattice expectations for a metal: At low

temperature the Knight shift is temperature dependent and the spin-lattice relaxation

time violates the Korringa law. I have successfully interpreted this phenomenon as

arising from modes involving the librational motion of the C60 molecules.3
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4. In alkali-fulleride superconductors of face centered cubic ground state (such as K3C60

and Rb3C60) I have revisited the problem of the line splitting of the alkali nuclei with

tetrahedral C60 coordination. I have re-analyzed the result of SEDOR experiments

in the literature and I confirmed that, just as in the simple cubic structure, the line

splitting in the face centered cubic structure can be interpreted as due to site exchange

between different fullerene orientational environments. The result of this analysis is a

unified description of the alkali line splitting in trivalent fulleride superconductors.
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