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The current status of metal intercalation into fullerene hosts is reviewed. The extent to
which widely accepted simple models of the metallic and superconducting behavior in the
AsCso compounds are sustainable is examined. The search for higher superconducting
transition temperatures is discussed in the context of the synthesis of fullerides with different
anion charges, more complex structures, and derived from higher fullerene hosts.
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Introduction

Seven years have passed since the discoveries of
conductivity! and superconductivity in alkali metal-
intercalated Cg0.2 A wide variety of new solid-state
science of particular relevance to intercalation chemis-
try, the physics of narrow-band systems, and the search
for high superconducting transition temperatures in
molecular conductors has been developed. It is now
appropriate to consider whether there is anything more
of interest that these materials can teach us. This
review aims to cover recent developments in the field
after a brief introduction to material covered in more
detail in earlier review articles,38 and is intended to
complement the approaches of the recent reviews that
focus on the effect of anion charge on physical proper-
ties® and on polymeric fullerides and heterofullerenes.1?
The influence of varying the anion charge on the
electronic structure of metal fullerides, including the
importance of chemical factors in controlling physical
properties, is discussed in the first part of the article,
and a review of recent work aimed at extending the
scope of fulleride chemistry to structures other than
simple sphere packings and hosts other than Cgp is
presented in the latter part of the article.

10.1021/cm980226p CCC: $15.00

1. Background

The Cgo moleculell12 has the well-known truncated
icosahedron or “soccer ball” shape, with 60 equivalent
carbon atoms arranged as 12 pentagons and 20 hexa-
gons on the surface of a sphere of radius 3.56 A. In the
pure solid, fcc packing (a = 14.17 A; r(Ceo—Ceo) = 10 A)
is adopted, with quasi-free molecular reorientation®4
replaced by orientational order in space group Pa3 below
260 K.15 The electronic structure of the molecule is
important in determining the properties of the inter-
calates. The lowest unoccupied molecular orbital
(LUMO) of Cgg is almost nonbonding in nature, account-
ing for the electronegative character of the molecule, and
is triply degenerate with ty, symmetry. The tyq “LUMO
+ 1” level is also chemically accessible, with possible
anion charges of up to 12~ (Figure 1).

The extensive intercalation chemistry of fcc Ceo
derives from the weak inter-Cgo forces and the well-
documented size match between the octahedral and
tetrahedral interstitial sites in the fcc Cgo array and
those of the cations of the electropositive elements.® The
AsCeo alkali metal fullerides are formed by complete
occupancy of these sites. Cation ordering is observed
when size differences are sufficiently pronounced (e.g.,
RbT,Cs%Cg, NaT,RbCCq0). The band derived from the
tiy orbital is half-filled at the 3= anion charge, and,
consistent with this, metallic behavior is observed
experimentally.! The three-dimensionality of the fcc
Ceo®~ array suppresses the low-dimensional metal—
insulator transitions associated with previous classes
of molecular conductors, and superconductivity? is
observed at temperatures of up to 33 K in Cs;RbCg
under ambient pressure.16

These high transition temperatures (T;) have pro-
duced a very large body of work directed toward
understanding the mechanism behind them and in-
creasing them, resulting in a very strong experimental
and theoretical focus on the A3Cgy composition. The
BCS (Bardeen Cooper Schreiffer) theory, developed to
account for superconductivity in metals and alloys with
charge carriers in relatively broad bands, appears to
account for many of the observations on these systems.
In this model, superconductivity arises from the pairing
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Figure 1. The HOMO, LUMO, and LUMO + 1 levels of the
Cso molecule, and their evolution into narrow bands on the
formation of the fcc solid. Dashed lines show the Fermi levels
for neutral Cgo, metallic K;Cso and insulating Ke¢Cso. The
structure of Rb,CsCso shows preferential occupancy of the
octahedral site by the large Cs™ cation (grey), with the smaller
Rb* cation on the tetrahedral sites (white). The Cg®~ anions
adopt the “standard” orientation as shown in Figure 3.

of electrons by their interaction with lattice vibrations,
with the transition temperature being determined by
the phonon frequency w and the density of states at the
Fermi level, N(E¢), and the extent of coupling between
the electrons and lattice vibrations, V. The weak-
coupling BCS equation for T is

KT, = o exp(VN_ (1Ef)) 1)

Molecular conductors have long been considered good
candidates for high T.s because, in a simple-minded
application of eq 1, the light atoms give high optic
phonon frequencies and the poor intersite overlap
(compared with metals and alloys) produces narrow
bandwidths and high densities of states at the Fermi
level. There are many experimental measurements on
the AsCeo superconductors that are consistent with a
BCS model involving moderate (1 ~ 0.5—1.0) coupling
to high-frequency vibrations of the Cgo®~ anion, which
has become widely accepted. There are problems with
this approach, which will become clear during the course
of this article. This has led to an intense theoretical
debate concerning the applicability of the BCS model
and its derivatives, all based on electron—phonon
coupling, and to a search for experiments designed to
unambiguously define the pairing mechanism.

The two key components of the BCS model are the
involvement of phonons in the pairing (testable by the
isotope effect on T, and by the influence of electron—
phonon coupling on the spectroscopic line widths of the
vibrational modes) and the controlling influence of the
density of states at the Fermi level. There is much
evidence from neutron!” and Raman'81° scattering for
the existence of strong coupling between the t;, elec-
trons and Hg symmetry vibrations, but such coupling
is expected on symmetry grounds alone and is not
necessarily involved in producing pairing. The observed
13C isotope effect?921 is in accord with BCS expectations
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Figure 2. T, as a function of lattice parameter in the cubic
As_xA'xCeo phases. The enhanced variation of T, with a in the
Pa3 family (circles) compared with the Fm3m family (squares),
and the absence of superconductivity in the lithium fullerides
(triangles) are noteworthy. Data for this figure are taken from
refs 29, 39, 86, and 127.

but can be explained with zero-point modulation of the
interfulleride transfer integral in an electronic pairing
model.?22 Theories based on pairing mediated by other
excitations, loosely characterized as electron—electron
coupling, can make predictions hard to distinguish from
those of BCS.2® The essential feature of these models
is minimization of the disruption to the w-bonding of
Ceo through correlation of the motion of the extra
electrons in the ty, orbitals: a detailed review is given
by Gelfand.® Electron—electron interactions have been
shown to be important in enhancing the normal state
Pauli paramagnetic susceptibility?4=26 and determining
the metallic resistivity, which is quadratic in T at low
temperatures,?’” whereas the electron paramagnetic
resonance (EPR) line width variation is consistent with
electron—phonon coupling dominating conduction elec-
tron scattering.?®

The BCS-like scaling of T, with N(Ey) is also a feature
of electron—electron pairing models.2® This prediction
of eq 1 is in clear agreement with a wide variety of
experimental work, building on initial correlations of
T, with fcc cell parameter (varied by modification of the
mean A cation radius in an A,A'Cg?° series or by the
application of hydrostatic pressure to a single A3Cgo3031)
and measurement of the density of states at the Fermi
level in K3Cgo and Rb3Cgo.2* Restricting consideration
to chemically simple Az—xA'xCso compounds produces
Figure 2, in which the simple BCS prediction of varia-
tion of T, with a, and thus N(Es), appears to be directly
confirmed. However, even in these alkali metal A3Cgo
phases, the T.(a) curve becomes divided into a “large
a” region and a “smaller a” region in which T¢(a)
tantalizingly assumes a much steeper gradient. The
structures of the AzCgo phases in each region differ,
illustrating the extent to which fulleride electronic
properties are controlled by the crystal structure.

The “large a” phases adopt the anion ordering first
proposed by Stephens and co-workers®? in space group
Fm3m. The large (in the sense that their radius is
greater than the radius ratio estimate of the T site size
for spherically disordered anions) tetrahedral site potas-
sium cations orient the Cgo3~ anions so that the hexagon
centroids are directed along the [111[directions toward
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Figure 3. Cg® anion orientation in the Fm3m and Pa3 A3;Ceo
structures, viewed along the cubic cell vectors. (2) m3 sym-
metry standard orientation of the Cg®~ anion in K3Cg. TwWO
of these orientations, related by a 90° rotation about [001],
are present in K3Cgo.%2 (b) 3 symmetry orientation found in
the NaxCgo and Na,ACg phases, and also in the low-temper-
ature structure of Cg itself.3673876 This orientation is produced
by rotation of 22° away from the standard orientation about
[a1am.

them. The C..K contacts thus favor an m3 anion
orientation in which the molecular mirror planes are
aligned with the faces of the fcc unit cell (a so-called
“standard” orientation). These orientations are long-
range disordered to produce Fm3m symmetry with 50%
occupancy of each standard orientation produced by 90°
rotation about [001] (Figure 3a). The refined anion
molecular structures conclusively indicate that the
Fm3m symmetry arises from long-range disorder of
locally well-defined anion orientations.®® Calculations
of the contribution of the t;, bandwidth to the overall
cohesive energy indicate that if both standard orienta-
tions are present, ordering in space group P4,/ mnm is
favored.®* Neutron powder diffraction finds no long-
range order of this type,3 although radial distribution
function measurements indicate that this ordering
pattern may be locally favoured.® Figure 2 shows that,
in this Fm3m family, T, increases with a as expected
from eq 1 if any changes in w on expansion are
dominated by the increase in N(Ef) with decreasing
overlap. Theoretical and experimental estimates of the
precise values of N(Ef) and their implications for the
frequency of the pairing excitation and the extent of
electron—electron interactions are continuing to provoke
debate, as detailed in Section 2.1.

Changing the orientations of the fulleride anions
exerts a striking influence on the T¢(a) slope: the smaller
Na* cation increases the relative importance of non-
bonded C-:-C contributions to the cohesive energy¢ and
produces the Pa3 structure adopted by Cg in its
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orientationally ordered state below 260 K, in Nax;XCgp
compounds, with lattice parameters of <14.17 A.37-39
The difference from the m3 “standard” orientation is
shown in Figure 3. The value of T, increases much more
rapidly with increasing a when the anions are oriented
in this way than in the Fm3m structure. The funda-
mental reasons for this difference are still a matter of
active debate because resolving these differences is
essential to understanding how T, is controlled by
intermolecular overlap in the fulleride materials (Sec-
tion 2.4).

At the opposite end of the T.(a) plot would lie a
hypothetical Cs3;Cgp fcc phase. This composition has
been prepared by a low-temperature route and is stable
at <180 °C.40 However, Cs3Cgp is not isostructural with
Cs;RbCgp and the other fcc phases. It adopts the less
dense, body-centered packing of the fulleride anions,
being a mixture of a bcc phase (isostructural with
BaszCso,4! in which the Cs* cations are ordered in the
so-called A15 structure) and a body-centered tetragonal
phase in which the cation vacancies in the AsCeo
structure (Section 2.3.3) are disordered. The volume per
Ceo3~ anion is 815.3 and 830.9 A3 in the cubic and
tetragonal phases, respectively, which is considerably
expanded compared with the 770 A3 per anion in Cs,-
RbCeo. Contrary to the fcc A3Cso phases, T. increases
under pressure, attaining 40 K under 15 kbar, with a
25% volume fraction when corrected for the small
particle size.*® This unconventional pressure depen-
dence is either attributable to granularity or to a
difference in microscopic pairing mechanism from the
fcc AsCeo phases. The application of pressure appears
to increase the quantity of the tetragonal phase. The
search for expanded fullerides with a 3~ anion charge,
to investigate whether T, can be increased yet further,
is therefore still an important task and an outstanding
issue in the area.

2. Current Issues in the A3Cso Phases

At first sight, the metallic behavior in the formally
half-filled band and the simple relationship between T,
and AsCgo lattice parameter are readily explicable by
the conventional band and BCS theories already out-
lined, suggesting that further study of these systems is
superfluous. But detailed examination of a range of
experimental data and parameter values in theoretical
models reveals several problems with this explanation.
The resolution of these issues will determine the extent
to which the behavior of electrons in narrow bands
derived from degenerate basis orbitals is understood.
The A3zCgo phases thus continue to pose important
guestions, addressed in this section.

From a chemical viewpoint, the absence of a satisfac-
tory, predictive theory of T., exemplified by the uncon-
ventional behavior of Cs3Cgo, provides a continuing
motivation to explore the synthesis of new fullerides,
an important test of theories of pairing in the “high T.”
region being the preparation a range of expanded
systems with more complex structures than the simple
fcc and bcec structures studied thus far. Following this
section, the article focuses on the synthesis of new
fulleride structure types (in Sections 3 and 4), and the
exploration of the physical properties of fullerides with
charges other than 37, including higher fullerides (in
Sections 5—7).
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2.1. Interelectron Repulsion, Bandwidth, and
Electronic Structure in the A3;Cg Metals. A pre-
requisite for the simple models discussed in the Back-
ground Section and widely accepted as correct for the
metal fullerides is that the half-filled band in Cgo®~ gives
rise to metallic behavior. This assumption depends on
the electronic kinetic energy, defined by the t;, band-
width W, being the dominant energy scale. The weak
interaction between t;, wave functions on neighboring
Ceso molecules requires that the basis for this assumption
is tested critically. As detailed by Gunnarsson,® the
situation in the A3Cgo phases is in fact complex, with
intramolecular phonon frequencies and, of particular
importance for this section, interelectron repulsion
energies being comparable to W.

The onsite interelectron repulsion U (defined as the
difference between the ionization energy and the elec-
tron affinity) acts to oppose the tendency of the electrons
to delocalize and reduce their Kinetic energy by intro-
ducing an energy penalty for double occupancy of a
given site. This phenomenon is very important in solid-
state science and gives rise to the idea of a Mott—
Hubbard insulator, in which a partially filled band does
not produce a metal.*2 For the free Cg molecule,
experiment shows 2.7 < U/eV =< 3.0, compared with a
theoretical estimate of 3.0 eV.5 In the solid, U is always
reduced from this gas-phase value due to the polariza-
tion of surrounding molecules upon the charge separa-
tion (eq 2), which U describes:

2C6037 — C6027 + C6047 2

This reduction results in theoretical estimates of this
parameter in the solid of 0.8 < U/eV < 1.3.%8 The first
measurement, from Auger spectroscopy in neutral Cgg,
yielded U = 1.6 + 0.2 eV.** A subsequent measurement
yielded U = 1.4 eV in K3Cqo itself.*> Diminished
screening at the surface is estimated to require reduc-
tion of these values by 0.3 eV to give U in the bulk
solid.*6

Direct experimental measurement of the bandwidth
W in K3Cgo is difficult because of the simultaneous
excitation of plasmons and phonons on photoioniza-
tion: a review of photoelectron spectroscopy (PES)
estimates is given by Weaver and Poirier.#” Local
density approximation (LDA) band-structure calcula-
tions are generally thought reliable in this regard,
although the Fm3m A3Cgo Structures, with long-range
disorder of the two standard orientations, produce
rather severe problems for this approach.*® The impor-
tant general conclusion is that, regardless of which
theoretical approach or model for the observed disorder
is used, no estimate of W approaches the size of U.
Band structure calculations indicate a significant al-
teration of the electronic structure between the Fm3
(ordered anions, one orientation; the closest experimen-
tal realization of this is the Cgp®>~ phase Ba,CsCgp*?) and
P4,/mnm (ordered, two standard orientations) struc-
tures, with the 0.52 eV bandwidth in Fm3 increasing
to 0.64 eV in the bidirectional structure due to the better
overlap between t;, orbitals on Cgy neighbors with
opposite standard orientations.® These bandwidths are
predicted to decrease by ~15% upon expansion to
Rb3Ceo, Which leads to estimates of the ratio U/W of
between 1.25 and 2.6 for K3Cgo, and larger values for
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the more expanded RbsCg and RbCs,Cg. Current
understanding of the single-band Hubbard model gives
the critical U/W ratio to produce insulating behavior as
between 1 and 1.5,5! placing stoichiometric KzCgo into
the Mott—Hubbard insulator category. Therefore the
observed metallic behavior must be due either to
inadequacies in this theory as applied to fullerides or
to an incomplete understanding of key experimental
facts. One interpretation is that the observed metallic
behavior near half-filling is due to deviations from the
K3Ceo composition, with the physics being that of a
doped Mott insulator.** In view of the importance of
the Mott—Hubbard model in understanding high T,
superconductors (now widely considered as doped Mott—
Hubbard insulators) and doped compensated semicon-
ductors, the A3zCg compounds have turned out to be
significant test cases for this theory. This has stimu-
lated detailed experimental measurements to answer
difficult questions concerning the precise structure and
composition of materials available only as air-sensitive
powders. In view of the estimates of U/W, if the simple
theories outlined in the Background Section do actually
work, it is important to know why.

The key difference between the actual electronic
structure of the fullerides and existing theoretical
models is the degeneracy of the t;, orbitals. The advent
of the U/W question in the fullerides has stimulated
theoretical work on the Mott—Hubbard model applied
to orbitally degenerate systems. Advances in theory call
into question the conclusion based on single-band Mott—
Hubbard models that the range of current estimates for
U and W necessarily mean that stoichiometric K3Cgo
would be an insulator. Recent work indicates that the
critical U/W ratio for electron localization is crucially
influenced by the orbital degeneracy N at each site.4352
This influence occurs because the availability of extra
orbital states opens hopping channels that are unavail-
able in the absence of degeneracy, allowing the extra
electron in the charge-disproportionated state in eq 2
to hop in one of three ways to each neighboring site
without any extra repulsion energy, if singlet nearest
neighbor correlations predominate (Figure 4(a)). This
reduces the gap from U—W to U—+/NW, and increases
the critical ratio to (U/W), ~ 2.5, which places the
transition beyond the range of experimentally observed
U/W. Metallic stoichiometric A3zCgo is now theoretically
reconcilable with the experimentally observed U and
theoretical estimates of W. The metallic state with U
significantly greater than W is unusual and would be
strongly correlated; theoretical predictions indicate the
Pauli susceptibility should be enhanced by a factor of
between two and three from that expected solely from
the bandwidth.53

The considerations just presented take Cgo to be a
“superatom” with little regard to its internal electronic
structure. In fact there are intramolecular electronic
energy scales that are also comparable to U and W, and
complicate the applicability of simple theoretical models
to the fullerides (Figure 4(b)). The interelectron repul-
sion produces “on-ball” multiplet splitting of the (tyy)3
configuration into the Hund's rule “A ground state and
the Jahn—Teller unstable doublets ?H and 2T. Esti-
mates of the exchange integral K give a total multiplet
splitting of ~0.15 eV,%3 which is comparable with the
Fermi energy in K3Cg. The orbital degeneracy of the
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Figure 4. (a) The bandwidth W is favored over the interelec-
tron repulsion U in orbitally degenerate systems due to the
availability of more than one channel for hopping between
neighboring fulleride anions, as illustrated qualitatively in the
large U limit here.*352 The bandwidth depends sensitively on
the type of anion orientational order, as discussed in the text.
The Kkinetic energy of the extra electron in the ty, level, formed
by the charge fluctuation in eq 2, is reduced in an orbitally
degenerate system, thereby decreasing the Mott—Hubbard
gap. (b) Competing energies in solids containing the Cgo®~
anion. If the bandwidth W is larger than a critical value W¢,
defined by the size of U, the electrons become delocalized in a
narrow band. The ground state of the localized Cg®~ anion is
determined by the competition between the multiplet splitting
energy (favoring a high-spin anion ground state5356) and the
on-ball Jahn—Teller energy, favoring the doublet states.>*
These intramolecular energies are important, even for the
metallic state, because of the low Fermi energy.

doublet states allows Jahn—Teller distortion by coupling
to the Hy vibrational modes, which are also implicated
in the popular model for the superconductivity. Models
incorporating electron—phonon coupling only indicate
that the doublet states are lowest in energy, with a
Jahn—Teller stabilization of up to 0.3 eV, and predict a
“negative U” favorable Jahn—Teller contribution to the
disproportionation in eq 2.5 In the solid, the extent of
this Jahn—Teller coupling will be controlled by the
competition between this energy and the bandwidth.
These competing energies, plus configuration interaction
with the nearby tyq4 levels, create ambiguity in theoreti-
cal prediction of the ground state of the Cg®~ anion.
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Figure 5. Calculated density of states for the t;, LUMO band
in an Fm3 symmetry A;Cgo phase using equal orbital popula-
tion (dashed line) or disproportionation among the components
of the ty, level in an orbitally polarized manner.5” The Fermi
level in each case is indicated by a vertical line. (Reproduced
by permission from ref 57).

These calculations are for the isolated molecule, where
careful experimental measurements by Reed and co-
workers indicate that the doublet ground states are also
favored in isolated anion salts,% with the caveat that
the observed magnetism is quite consistent and with
many states having energies comparable with the
ground state for both the Cgp2~ and Cgo®~ anions. The
most recent DFT calculations, allowing for Jahn—Teller
anion geometry relaxation in the orbitally degenerate
terms, indicate that the Hund's rule ground state A is
indeed lowest in energy but separated by only 0.03 eV
from the Jahn—Teller distorted doublet.5 The electron—
phonon and multiplet interactions are of similar size
but stabilize different states; the success of simple band
theory, which is rather unexpected given consideration
of the competing energies, may arise from an offsetting
of these two factors.

The size of interactions between electrons occupying
different ty, orbitals on the Cgo®~ anion and its compa-
rability to the bandwidth produces the unusual situation
in which the metallic state could contain a high degree
of orbital polarization. A recent calculation explicitly
taking into account differences in interelectron repulsion
between electrons occupying the components of the ty,
manifold singly or doubly predicts just such an unequal
orbital occupancy,®” splitting the initially cubic band into
three distinct subbands to optimize both interelectron
repulsion and Jahn—Teller stabilization energy (Figure
5). This procedure produces both a steep decrease in
N(Es) when the t;, band is not half-full and a reduction
in the sensitivity of the bandwidth to orientational
order. These features may be important in the light of
the experimental data summarized in Section 2.3. The
calculated value of N(Ey) is 6 states/(eV spin Cg) at half-
filling, with a bandwidth of 1.05 + 0.15 eV.

2.2. Composition and Structure of A3Cg. The
demonstration that U was comparable with, indeed
larger than, W in the fullerides seemed incompatible
with the observed metallic behavior, leading to sugges-
tions that deviations from the ideal A3Cgp composition
were present, making the t;, band less than half-full
and allowing the holes introduced by this “self-doping”
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to carry charge. If the “A3Cg” compounds have to be
nonstoichiometric to be metallic, the basic physical
picture underlying the superconductivity changes dras-
tically. Several experiments addressing the structure
and composition of A3Cgo have been performed. De-
tailed analyses of synchrotron X-ray powder diffraction
data®®®? indicate less than complete occupancy of the
tetrahedral site, corresponding to refined compositions
Rb2_93(3)C60 and K2_91(2)C60. The observation of a third
resonance in the 8’Rb NMR of RbzCgo (the so-called T
signal, seen in addition to the expected octahedral and
tetrahedral (T) signals)®® which is associated, and in
dynamic equilibrium, with the majority T resonance
from the tetrahedral site has been used as further
evidence for these tetrahedral vacancies. The T:T’
intensity ratio of 11:2 can be explained if the T’
resonance arises from the six T sites neighboring an Rb
vacancy on the tetrahedral site if the vacancy concen-
tration is 0.06.51 However, recent 8Rb spin—echo
double resonance (SEDOR) measurements indicate that
this T,T' splitting, seen also in site-ordered Rb,CsCeo,
does not arise from the presence of vacancies,®? leaving
only X-ray powder diffraction as the experimental
evidence for deviation from the A3Cg composition.
These vacancies may not, however, now be required to
explain the metallic and superconducting behavior. The
absence of a connection between the T’ signal and any
metal vacancies does however have disquieting implica-
tions for the current understanding of the local structure
of A3Cgo compounds, because the T' 8Rb NMR reso-
nance is now unexplained. Detailed neutron3 and
X-ray®® powder diffraction studies of K3Cgo and Rb3Cgp,
respectively, find no evidence for anion orientations
other than m3, which might otherwise produce different
tetrahedral environments, and do not indicate any static
displacement of the octahedral cation away from the site
center.

2.3. Charge Dependence of the Electronic Prop-
erties. It now appears that the applicability of simple
band theory concepts to the A3Cg compounds results
from the operation of an unexpected set of circum-
stances, namely the influence of the t;, orbital degen-
eracy and the offsetting influences of the intramolecular
multiplet and electron—phonon coupling energies.
Changing the occupancy of the t, orbitals will clearly
change the relative importance of these competing
energies against the bandwidth. The properties of
fullerides with anion charges other than 3 are therefore
important to understand to judge the influence of these
factors on fulleride ground states. Recent work indi-
cates that anion charge is extremely significant in
altering both the normal state and superconducting
properties of fullerides.

2.3.1. Superconductivity and Anion Charge in Nearly
Half-Filled t;, Bands. Figure 6 shows the striking
effect of variation of the anion charge around 3~ in the
Na,CsxCeo (0 < x < 1) and K3—xBaxCqp (0 < x < 0.4)
phases.®® The superconducting transition temperature
is a sharply peaked function of the anion charge,
maximized at 37, and with a narrow superconducting
composition range before nonsuperconducting behavior
occurs at the integral anion 4~ and 5~ charges. The
implications of this work are described in detail in a
recent review,? but the important conclusion is worth
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Figure 6. Plot of TJ/T™® versus carrier concentration, n, in
the ty, band for A3Ce compounds. T is scaled using the T,
for the end members Na,CsCg and K3;Cg. The heavy line
connecting the points is a guide for the eye and indicates upper
bounds on the uncertainties in T, and n. Note the narrow range
of superconducting compositions and the sharp variation of
T, around half-filling. Reproduced by permission from ref 63.

restating here: this observation requires very sharp
variation in N(E;) around half-filling of the t;, band in
BCS-like theories and is in sharp disagreement with
those electron—electron pairing schemes placing em-
phasis on odd versus even electron counts. The orbitally
polarized band structure presented in ref 57 does yield
such a sharply peaked N(Es) function (Figure 5). The
tendency for the experimentally observed merohedral
disorder to broaden sharp features in N(E) has been
noted.®* There are some extra experimental subtleties;
they are, the structure of Ba,CsCgo differs from that of
K3Ceo in terms of anion orientational order,*® and the
Na,CsxCgo system is not isostructural with Kz—xBayCeo,
but this striking valence dependence of T, must be
theoretically explained before any understanding of the
fulleride superconductors can be claimed.

2.3.2. Structure and Properties of fcc AsCeo as the
Anion Charge Varies. Large deviation from the 3~
charge within the fcc structure produces the non-
superconducting MBaCsCgy (47) and BayACsy (57)
phases.*963 The synthesis of these fcc 4= and 5~ AzCeg
phases in principle allows a more direct comparison with
AsCgo fcc Coo®~ systems than is possible with the bct
A4Ceo phases discussed in Section 2.3.3. The absence
of superconductivity above 2 K for both electron counts
is hard to account for either with conventional band
theory (N(Eyf) should be similar according to calculation,
although the measured Pauli susceptibility N, = 1 state
eV~1 spin~! Cgp1 83 is much lower than that of K3Cg),
or using electronically driven pairing. Most calculations
show, however, that the electronic structure depends
sensitively on the extent of orientational order. This
result may be significant in these alkaline-earth-
containing materials because neutron powder diffraction
and 1¥3Cs NMR show surprising differences in detail
from the Fm3m A3Cgo systems. Ba,CsCg, prepared by
liquid ammonia reduction of Cg, is not strictly isostruc-
tural with the alkali metal compounds. Nine percent
of the cesium cations occupy the tetrahedral sites, and
the anions predominantly (83%) adopt one of the two
possible standard orientations, producing a more or-
dered (space group Fm3) A3Cgo with only 17%, rather
than 50%, orientational defects (Figure 7).*° Band
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Figure 7. (a) The Fm3 structure of Ba,CsCeo, 83% of the
anions (light gray) adopt one of the two standard orientations.
The 133Cs NMR results show that the octahedral site (dark
gray spheres) is 91% occupied by cesium cations. (b) Bond
lengths and angles in the Cg®> anion in Ba,CsCg. Reproduced
by permission from ref 49.

structure calculations (Section 2.1) indicate a significant
alteration of the electronic structure between the Fm3
and P4,/mnm structures.?® The N(Ey) for a Cso®~ phase
with these structures is calculated to be comparable
with that of K3Cgp, indicating that a non-band-structure
explanation for the reduced Pauli susceptibility is
required. The refined geometry of the Cgo®~ anion is
consistent with those of the Cgo®~ and Ceo®~ species, with
the loss of distinction between 6:6 “double” and 6:5
“single” bonds being intermediate between that found
for the two other charges (Figure 7(b)).33

2.3.3. Body-Centered Tetragonal A4Cgo Phases—Band,
Mott—Hubbard, or Jahn—Teller Insulators? The quite
different behavior at the 4= anion charge seen in the
fcc alkali metal/alkaline earth fullerides was preceded
by the absence of superconductivity in the body-centered
tetragonal (“bet”) AsCeo (A = K, Rb, Cs) phases. These
compounds have a body-centered array of Cgo*~ anions
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Figure 8. The orientationally ordered Immm structure of
Cs4Ceo. There are two distinct Cs cation sites, shown as
unshaded and light gray.” (a) view along the [001] axis,
showing the orientational ordering of the Cso*~ anions with
the 6:6 bond along the orthorhombic b-axis; (b) the ordering
of the cation vacancies is shown in the bc plane.

in which 2/3 of the distorted tetrahedral sites in KgCgo
are occupied in an ordered manner®® (Figure 8). These
A4Ceo phases are attracting an increasing amount of
theoretical and experimental attention in an effort to
account for the absence of metallic behavior despite the
2/3 filling of the t;, band. Band structure calculations®®
give a bandwidth (0.56 eV) comparable to that of K3Cgp.
In contrast to AsCeo, the even number of electrons per
primitive unit cell in principle allows a “band structure”
explanation of the insulating behavior, involving split-
ting the ty, orbitals to produce two lower filled bands
and one upper empty band. However, calculations
indicate that the tetragonal component of the crystal
field is insufficiently effective in lifting the t;, degen-
eracy to explain the nonmetallic behavior®”-7° at ambi-
ent pressure. Alternative explanations of the insulating
behavior at the Cgo*~ charge have recently come to light,
indicating the influence of both electron—electron and
electron—phonon interactions. Clear candidates are the
operation of the Mott—Hubbard mechanism, already
discussed in detail for the Cgo®~ charge, and lifting of
the (ty,)* orbital degeneracy by Jahn—Teller distortion
of the anion to form a singlet ground state that neces-
sarily gives rise to an insulating solid. The role of anion
orientational disorder is also unclear.

A recent electron energy loss spectroscopy (EELS)
study compared the optical conductivity of the bct A4Cego
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Figure 9. Energy gap determined by EELS for bct and fcc
A4Cqo and fcc NajoCeo. The lines indicate the expected variation

in the Mott—Hubbard gap for fcc (lower) and bct (upper)
phases. Reproduced with permission from ref 71.

phases (A = K, Rb, Cs) with an fcc NasCeo phase and
NaioCso, taken to have a Cgo®~ configuration’® (Figure
9). The scaling of the optical gap with interfulleride
spacing indicated that it corresponded to a transition
between the lower and upper Hubbard subbands, with
the differences between the two structural classes being
consistent with models for the Mott—Hubbard gap in
the orbitally degenerate fullerides already discussed.*®
This explanation is in contrast with interpretations
based on the Jahn—Teller effect in the (ty)* configu-
ration, where degeneracy lifting on distortion produces
the band gap: this explanation was ruled out due to
the dependence of the observed gap on interfulleride
separation. The derived gaps are rather larger than
excitation energies identified by NMR and magnetic
probes, %86 which were interpreted in terms of Jahn—
Teller splittings of the order of 0.1 eV. The EELS study
also indicates Jahn—Teller distortion of the molecule
through the splitting of the ty,—t;4 transition.

Precise powder X-ray refinements indicate that K4Cgo
and RbsCgp are line phases with compositions corre-
sponding within error to an integral number of electrons
per anion, in contrast to the previous work on the A3Csg
system.” This integral occupancy is consistent with the
suggestion of a Mott—Hubbard gap for the Cgo*~ phases.

Cs4Cep has until recently not been reported as a pure
phase, perhaps due to slow Cs* cation diffusion. The
14/mmm structure of the bct K4Cgo and Rb,Cgo phases®®
is due to merohedral disorder over two equivalent
orientations’®73 (rotated by 45° from those in K3Cego),
as the point symmetry of 4/mmm is incompatible with
subgroups of l,. Increasing the cation size to Cs™
suppresses the orientational disorder and produces an
orthorhombic distortion to Immm point symmetry (Fig-
ure 8) because the optimal Cs...pentagon and Cs...hexa-
gon distances are sufficiently different to produce two
different cesium cation sites and orientationally order
the Cgo*~ anions.” The mmm point symmetry of the
Cso*™ anion in Cs4Ceo will totally lift the ty, degeneracy,
and thus the orientational ordering pattern is consistent
with a Jahn—Teller distortion. The EELS data show
this orientationally ordered phase to be insulating like
its bct counterparts, demonstrating that the insulating
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nature of the bct A;Cgp compounds is not due to anion
orientational disorder. The imposition of orientational
order by Cs* in body-centered fulleride arrays also has
consequences for the detailed structures of both Cs3Cgp
phases in the 40 K superconductor.*® This orthorhombic
orientationally ordered structure has recently been
observed for the SrsCeo and BasCso alkaline earth
superconductors.”

The behavior of the “bct” Ceo?™ salts is thus consistent
with the combined importance of electron—electron and
electron—phonon interactions. Recent evidence is in
favor of a Mott—Hubbard rather than Jahn—Teller
origin for the gap (the predicted Jahn—Teller stabiliza-
tion energies of 0.2—0.3 eV are insufficient to overcome
the calculated bandwidth). The singlet ground state of
the Cgo*~ anion® in these phases, however, indicates
that the t;, degeneracy must be lifted sufficiently to
violate Hund's rules. This indication is consistent with
the orientational order observed in Cs;Cgo. A unifying
picture for the A4Cgo Systems is that the on-site repul-
sion U localizes the ty, electrons, which then produce
the Jahn—Teller distortion. The synergic operation of
electron—electron and electron—phonon coupling ap-
pears to produce an unusual Mott—Hubbard insulating
ground state in which there are no local magnetic
moments. This is in clear contrast to the well-studied
magnetic Mott—Hubbard insulators found in, for ex-
ample, many first row transition metal oxides such as
La,CuO4. The behavior of the A4Cgp compounds indi-
cates the extent to which electron—electron and electron—
phonon interactions, not readily apparent from experi-
ment in the A3Cgp case due to the metallic behavior, are
generally operative in the fullerides. Viewed as a
relative of A,Cgp reached by oxidation, the A3zCgo cOM-
pounds do appear to be doped Mott—Hubbard insula-
tors, regardless of their precise composition.

2.4. Orientational Order, Universal T.(a) Be-
havior, and Polymerization in Na;ACg Phases.
The observation of low superconducting transition tem-
peratures, a distinct orientational ordering3"3¢ (Pag3)
from that of K3Cgp and a steep variation of T, with a3°
have resulted in continued interest in the behavior of
the site-ordered NaT>A®Cg phases.”® An early sugges-
tion to account for the distinct behavior was that N(Es)
was a more sharply varying function of interfulleride
separation in the Pa3 phases. This issue has been
addressed in wide-ranging studies of the dependence of
N(Ey) on orientation state and interfulleride separation.
The 13C NMR Knight shift (proportional to N(Ef) in
simple models) is linearly related to the lattice param-
eter in all cubic A3Cgo phases (Figure 10), showing that
N(Ey) is independent of the orientational order of the
anions. Application of the McMillan equation (a gen-
eralization of eq 1 to account for the competing influence
of electron—electron repulsion”) using the deduced
densities of states to calculate T, yields a weighted
phonon frequency of 600 K.”® The controlling influence
of center-to-center fulleride separation rather than
anion orientation on N(Ef) was confirmed in EPR
measurements’® of the normal state susceptibility,
which find a much sharper universal experimental
dependence of N(Ey) on interfulleride separation (defined
as d = {(a/v2) — 7.04}A), which is again independent
of Pa3 or Fm3m orientational order. The deduced
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and cubic lattice constant for Fm3m and Pa3 phases with a
Cso®~ charge, including the (NH3)NaA,Cso Systems with cation
disorder on the octahedral site. Reproduced with permission
from ref 78.

functional form for the bare susceptibility (appropriate
for comparison with band structure values), using
thermal expansion to model the temperature depen-
dence of the unenhanced susceptibility, is exponential,
which is in agreement with theoretical estimates® and
given ineq 3 (o =3 x 1074, 8 = 0.25).

NGE) = (3] exe(j] 3

The derived Stoner enhancement of the bare suscepti-
bility is half that previously deduced.?*2> This result
is consistent with the observed T.(a) relationship, and
guantitative analysis yields a low phonon frequency
(180 K) with a very small interelectron repulsion
parameter, u*, of 0.01.

There is thus no obvious explanation in terms of
normal-state electronic properties for the pronounced
difference in superconducting behavior between the
Fm3m and Pa3 families. Recent diffraction8® and
NMRS8! work reveals that a polymeric ground state is
in competition with the cubic metallic superconductors
in Cgo®~ systems below a critical interfulleride separa-
tion corresponding to NaxCsCgo (the point where the
Fm3m and Pa3 T.(a) curves meet). The close Ceo—Ceo
contacts in Na;RbCgo produce a transition from the Pa3
structure to a nonsuperconducting polymer below 230
K; the superconducting cubic phase can be quenched to
low temperature, reconciling early disagreements over
whether Na;RbCgp and Na,KCgy were actually super-
conducting.”®82 The structure of the polymer itself is
important as it clearly demonstrates the anion charge
state will determine the preferred polymerization route.
One-dimensional polymer chains are formed by single
C—C bond formation between neighboring Cge®~ anions,
which is in marked contrast to the formation of two
bonds by [2+2] cycloaddition in neutral Cey and Cgol™
polymers due to the availability of sufficient ty, elec-
trons at the Cg®>~ anion charge to form a chain of
interfulleride single bonds (Figure 11). The cubic Pa3
structure is stable at all temperatures for Na;CsCs,
which is above the critical interfulleride separation for
polymerization to occur. The suppressed T with respect
to the Fm3m phases as the interfulleride distance
contracts may be related to this tendency to polymerize
rather than to orientational control of any of the
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Figure 11. (a) Crystal structure of the polymeric form of Na,-
RbCso, Which is stable on slow cooling below 230 K. One-
dimensional polymer chains are formed by single bonds
between Cgo®>~ monomer units. The structure contrasts with
the [2+2] polymer shown in (b),*?® where two single bonds
bridge each monomer unit. Reproduced with permission from
ref 80.

parameters in the BCS/McMillan equation. The influ-
ence of this radical anion polymerization chemistry on
the physics of superconductivity is clearly of interest for
future investigation.

One accepted feature of the model for fulleride
superconductivity is that the alkali metal cations influ-
ence T, only to second order, so the application of
pressure to Rb3Cso will give the same T. as found for
an A;A'Cgo mixed-metal fulleride.3%31 Recent precise
determination of the pressure dependence of structure
and transition temperature in RbsCgo indicates the
alkali cations can actually exert significant effects, with
a much less pronounced reduction of T, on application
of pressure than is produced by cation substitutions3
(Figure 12). This absence of universality even in the
Fm3m regime requires modification of theories that only
treat the lattice parameter as important, regardless of
the chemical composition. The absence of any 8Rb
isotope effect does, however, conclusively rule out pair-
ing via low-frequency M™ — Cg3~ vibrations.8* Details
such as the evolution of the T' NMR resonance on cation
substitution and the influence of cation site disorder on
T in the A;_xA'xCeso phases now need to be addressed;
substitutional disorder at the electronically inactive
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perovskite A cation site has recently been shown to play
a significant role in controlling the properties of colossal
magnetoresistive manganese oxides.8®

3. Ammoniated AzCgo Fullerides—New
Perspectives on Fulleride Structure and
Electronic Properties

3.1. Superconducting and Insulating Ground
States in (NH3)xA3zCso Phases. The elemental cations
considered thus far are spherical and thus produce
rather simple, high-symmetry fulleride structures re-
lated to the familiar fcc and bcc sphere packings.
Molecular or complex counterions offer the opportunity
to obtain quite different packing motifs by exploiting
more directional or specific anion—cation interactions.
Complexation of the metal cations in a fulleride array
can produce simple isotropic expansion (e.g., reaction
of NayCsCgp with ammonia yields [(NH3)sNa]°Na’-
CsTCs0%), which lies on the universal ambient pressure
Tc(a) curve found for the Fm3m A3Cgo superconductors
(Figure 13). However, the potential mismatch between
the symmetry of the anion packing and the complex
cation geometry offers an opportunity to create local
disorder or produce a significant distortion from cubic
symmetry. The first set of solids we consider involves
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the low-temperature formation of a linear [NHz—M]*
complex cation on the octahedral site in the presence
of an fcc packing of fulleride anions.

The (NH3)xNaACeo (X &~ 1 A = K, Rb) phases® 88 are
prepared by direct reaction of the metals in liquid
ammonia with Cg followed by low-temperature vacuum
deammoniation. These compositions do not form in the
absence of the ammonia ligand. The compounds are fcc
with a linear Na—NH3; unit on the octahedral site
displaced by 0.4—0.6 A from the site center, the Na—N
bond being disordered over the eight equivalent (11101
directions. The lattice parameter a is varied by control-
ling the NH; content via the final deammoniation
temperature. These heavily cation-disordered phases
retain superconductivity, as expected for strictly cubic
Cs0®~ compounds, but the variation of T, with a is
strikingly different from that observed in the previously
studied Fm3m phases, where the species on the octa-
hedral site have spherical or tetrahedral symmetry
compatible with that of the anion packing (Figure 13).
The T, value is much lower than would be expected from
the lattice parameter according to the universal curve,
and strongly decreases with increasing a in each family.
The association between the suppression of T and the
inversion of the influence of a on T, with the strong
static disorder on the octahedral site is very striking.
It is particularly important in the context of the super-
conducting pairing mechanism that the 3C Knight shift,
and thus the density of states at the Fermi level, is
exactly what would be expected from the fcc lattice
parameter (Figure 10). The disorder is thus not directly
responsible for a sharp reduction in the value of N(Es)
below that expected from the observed interfulleride
separation. The application of weak-coupling BCS to
these systems appears doubtful, unless clear evidence
for radically altered phonon frequencies or electron—
phonon coupling can be found.

Cation displacement from the octahedral site center
was first demonstrated in (NH3)K3Cgp, again due to the
formation of a linear M—NH3 unit.8 In this case, the
larger complex cation produces a tetragonal distortion
of the fcc unit cell, with the expansion in volume per
Ceo®~ anion occurring together with displacement of four
of the initial 12 neighbors of a Cg3~ anion to 10.52 A
away, retaining eight 10 A contacts in an anion envi-
ronment intermediate between bcc and fcc (Figure 14).
The original X-ray Rietveld refinement was unable to
distinguish statistically between orientationally disor-
dered Fmmm and orientationally ordered 14/mmm space
groups, the orthorhombic structure being preferred due
to more physical K...C contacts. Neutron powder dif-
fraction is required to unambiguously determine the
anion orientation.

(NH3)K3Cgp is of importance in demonstrating the
influence of symmetry on both the normal and super-
conducting states in Cgo®~ systems. Although the
volume per Cgo3~ anion is close to that found for RbsCg
and slightly smaller than in the largest member of the
cubic, but disordered (NH3)xNaRb,Cg, family, the aniso-
tropic distortion of the fulleride packing produces a
suppression of superconductivity. The temperature-
independence of the EPR-derived magnetic susceptibil-
ity and the 13C Knight shift indicate that the distorted
Ceo®~ array does retain metallic conductivity how-
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Figure 14. (a) The nearest neighbors of a Cg®  anion in
(NH3)K3Cs0.2° In the Fm3m parent phase K3Ceo, all 12 neigh-
bors are at a distance of 10.0 A from a Ce®~ anion. In (NH3)-
KsCeo the linear (K—NHj3)" complex on the octahedral site
pushes the four neighbors in the ab plane to a distance of 10.56
A (dashed lines), leaving only eight fulleride anions at 10.0 A
at the vertexes of a cuboid (solid lines). The c-axis is vertical
(a=10.56 A, c = 13.68 A). (b) The linear K—NHs complex is
disordered over the fcc [1100directions, producing expansion
of the octahedral site in the ab plane in (NH3)K3Cso and
lowering the symmetry from fcc. (¢) The Na—NH;3 complex in
A2Na(NH3)Cso®” is directed along the 1 11directions, allowing
the phase to retain cubic symmetry.
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Figure 15. (a) 3C MAS NMR spectrum of K;Cg at 298 K (6
= 186 ppm). (b) 33C MAS NMR spectrum of (NH3)K3Cgo at 298
K (6 = 193 ppm). The increased chemical shift is assigned to
the larger Knight shift produced by the narrower bands in the
expanded fulleride.®!

ever.2091 The Knight shift (Figure 15) of 43 ppm lies
between that of K3Cgso (37 ppm) and the equally ex-
panded RbsCgo (47 ppm), indicating that the expansion
reduces the ty, bandwidth and enhances N(Es) by 15%,
although to a lesser extent than in the cubic Rb3Ceo.
The N, measured by EPR is similar to that for KsCey,
also indicating that t;, degeneracy lifting reduces the
number of states at Er compared with RbzCgp.

The vanishing of the EPR signal in (NH3)K3Ceo
(Figure 16) below 40 K is consistent with a metal—
insulator transition.?%%1 Recent muon spin relaxation
(uSR) measurements show the development of a heavily
damped oscillation below 40 K, indicating that antifer-
romagnetic order develops at the transition.’®® This
result is extremely significant because it is the first
direct demonstration of a close relationship between the
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Figure 16. EPR measurements of magnetic susceptibility
(closed squares) and peak-to-peak line width (open circles) of
(NH3)K3Cegp.%*

antiferromagnetic and superconducting ground states
in Ceo3~ systems. The requirement to suppress anti-
ferromagnetism to produce superconductivity in the
high T, copper oxides is well documented. Application
of 15 kbar hydrostatic pressure suppresses the 40 K
metal—insulator transition and induces superconductiv-
ity in (NH3)K3Cgo at 28 K.%2 Antiferromagnetism com-
petes with superconductivity in the tetragonally dis-
torted structure, perhaps being favored by reduction in
point symmetry of Cg°  and narrowing of the ty,
bandwidth, as compression makes the structure more
isotropic.?2 The role of orbital degeneracy in combatting
the Mott—Hubbard transition may be significant here.

3.2. Chemistry of Ammoniated Fullerides. The
examples just discussed indicate the extent to which the
electronic properties of a fulleride can be controlled by
the size and shape of a metal—ammonia complex cation
and the resulting effect on cation disorder or fulleride
packing. Much more dramatic distortions of the fcc
structure are, however, possible and the synthesis of
new ammoniated fullerides with a range of different
anion packings has recently been demonstrated. These
new structures may hold a rich array of physical
properties.

Ammoniated fullerides with bcc rather then fcc pack-
ings may be prepared either from liquid ammonia or
by reaction of ammonia gas with an alkali metal
intercalated host. Nag(NH3)eCe0%® and Liz(NH3)4Cgo%
both adopt a bce structure. In the sodium compound,
there are essentially linear (NH3),Na* units, formed by
NH3; molecules occupying the tetrahedral sites (occupied
by potassium cations in KgCgy) and sodium cations
displaced from the centers of the octahedral sites. Anti-
site disorder of sodium and nitrogen over both sites is
indicated by synchrotron X-ray work,% although not by
neutron powder diffraction, which finds extensive ND3
orientational disorder coupled with positional disorder
of both moieties.®® This phase is of significance because
it adopts the same anion structure as the superconduc-
tor Cs3Cgp yet is nonsuperconducting with a 3~ anion
charge.

The large volume per fulleride anion, according to
EPR and superconducting quantum interference device
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Figure 17. The ammonia uptake isotherm of (NH3)sNazCso
at 298 K. The hysteresis between the uptake (filled symbols)
and desorption (open symbols) legs is due to slow intercalation
kinetics.

Scheme 1. Topotactic Room Temperature
Solid—Gas Reaction between Na,Cgy and NH3
NayCey +  NHy {NH3)sNa,Cy
1 2

p(NH3)/atm < 0.25

f.c.c. (ABC stacking) b.c.c.

12 % 10.0A Cgo - Ceo 8 % 10.5A Cgg - Cp

712 A3 per gy 90143 per Cgq

(NH;)5Na,Ce + NHy e (NHg)gNayCey  PONHg)/atm > 0.25
2 3

b.c.c. rhombohedral ABC stacking

8 % 10.5A Cgo - Ceo 6% 10.23A Cg - Co

901A° per Cg 96143 per Ceo

(SQUID) measurements,® produces localized electron
behavior, suggesting that the Mott—Hubbard ground
state as well as the itinerant electron antiferromag-
netism found for (NH3)K3Ceo, are close to those of the
superconducting one. The synthesis of this phase using
both solid NazCe* and a liquid ammonia method? is
evidence for the existence of an fcc phase with a
composition close to NazCeo (See Section 5). The inter-
fulleride separation of 10.5 A and the volume per Cgo3~
anion of 885 A3 are the largest yet found and are
apparently sufficient to provoke localization of the t;,
electrons. A simple estimate of the bandwidth reduction
in Nag(NHs3)sCeo is to 40% of that for K3Cgp, allowing
an estimate of a lower bound for the value of U required
to produce electron localization in AzCgp compounds.

3.2.1. (NH3)sNaCso—A New Fulleride Structure Type
Based on Expanded Close Packing. All the sphere
packings discussed above are achievable without the use
of ammonia to complex the alkali metal cations. In
contrast, the reaction of Na,Cgo with ammonia affords
a quite new structure.?>9” Scheme 1 shows the se-
quence of topotactic reactions occurring between gaseous
ammonia and the fcc-packed (Pa3 orientational order)
Na,Cgo 1, yielding the final product rhombohedral
(NH3)8N62C60 phase 3.

Figure 17 shows the ammonia uptake isotherm of
Na,Cso, corresponding to the reactions shown in Scheme
1. The inflection at n = 5.3 corresponds to the formation
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of a bce phase 2 similar to (NH3)sNaszCeo (but with an
orthorhombic superstructure). The endpoint atn = 8
corresponds to the formation of a phase with a new
rhombohedral structure (a = 12.221 A, ¢ = 22.296 A).
The interesting chemical point is that although the
volume per Cgp?~ increases between n =5 and n = 8,
as expected, the closest interfulleride separation de-
creases. lIsotropic expansion of the twelve 10.0 A
contacts in Na,Cep to eight nearest neighbors at 10.5 A
in the n = 5 phase occurs before the increased ammonia
loading produces a combination of a further increase in
volume per anion to 961 A3 with a contraction in the
nearest neighbor distance from the bcc phase to 10.24
A (six molecules), with six more distant neighbors at
12.22 A. The closest C...C distances therefore increase
despite the overall expansion of the solid. This unusual
feature, combining an interfulleride separation equal to
that in Rb3Cgo with a very expanded fulleride packing,
prompted a detailed investigation of the structure
combining neutron and X-ray powder diffraction analy-
sis.97

The structure consists of an ABC stacking of layers
in which each Cgy?~ has six neighbors within the layer
(i.e., an axial elongation of fcc along one of the 3-fold
axes of the unit cell). The fcc packing of the NayCgo
starting material can be represented as an R-centered
hexagonal cell with a = 10.0 A and ¢ = 24.49 A. Each
Ceo has 12 nearest neighbors at the vertexes of a
cuboctahedron, with six near neighbors in the hexagonal
ab plane in one close-packed layer and six from the
neighboring layers arranged octahedrally. In (NDg3)s-
Na,Cego, the six neighboring molecules in the ab plane
have been displaced to 12.22 A away, strongly expand-
ing the formerly close-packed layers. The ABC sequence
along the rhombohedral c-axis is retained; the now-
expanded layers are stacked to maintain the close-
packed contacts between the layers, because the inter-
layer separation is 10.23 A, which corresponds to the
anions remaining in electronic contact only between the
layers (Figure 18). The structure is thus an fcc packing
in which the close-packed layers have been exploded by
>2 A, whereas the interlayer contacts remain little
changed, making it a very unusual derivative of a
sphere packing. This structure is clearly one which
cannot result from the insertion of spherical counterions
into the fulleride array.

The structure arises from a hierarchy of weak inter-
molecular interactions, with the coordination of ND3 to
Na* producing pseudo-tetrahedral complexes, with one
“axial” NDs (Na—N vector oriented along the layer
stacking direction) and three “equatorial” ND3 molecules
(Figure 19(a)). In Figure 19(b), the location of the
complexes in the ABC stacking sequence of the ex-
panded layers is shown in relation to the fcc interstitial
sites. The complexes occupy two sites produced by
displacement of 1.91 A away from the center of the
octahedral site along the stacking axis, leaving each
Ce0?~ surrounded by six Na(NDs)s" complexes, three
below and three above the fulleride layer.

These (ND3)sNa™ complexes determine the fulleride
packing through both attractive and repulsive C...D
interactions. The layer expansion is driven by close
C...D contacts between the six-membered rings of the
Cs0?~ anion and the equatorial ammonia molecule,
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Figure 18. The expanded close-packed structure of (ND3)s-
Na,Ceo, viewed along the stacking direction. The 10.24 A
interlayer contacts are shown as hollow lines to the six nearest
neighbors of the central B layer fulleride anion (z = 0), to the
neighboring A (z=—1/3) and C (z = +1/3) layers. The six 12.22
A intralayer nearest-neighbor distances within the B layer are
coincident with the a and b cell vectors and represented by
the thick dotted lines.%”

which is strongly indicative of the formation of a
hydrogen bond with the z-electrons of the Cgp2~ anion
(Figure 20). Hydrogen bonds of the type X—H...t (X =
N,O), where x is an electron-rich system such as alkene,
alkyne, or phenyl, are well-established.?8:%® Each Cgp?~
makes 12 of these closest contacts, to two ND3 molecules
from each neighboring Na(NDs)4* complex, via 12 of its
hexagonal rings. The six-membered rings on the ful-
leride anion are able to form these weak interactions
because they are relatively electron rich and sterically
unhindered.

These hydrogen-bonding interactions expand the lay-
ers; that is, each of the six interfulleride 12.23 A
distances within the layer is bridged by four of these
N—D... 7 hydrogen bonds (shown as dark lines in Figure
21), forming a hexagonal network. The 3-fold axes of
the “axial” ammonia molecules are aligned with those
of the Cgp?~ anions in neighboring layers, allowing the
much closer interlayer contacts. The attractive and
repulsive C...D interactions thus combine to produce the
unusual six plus six “expanded close-packed” environ-
ment of the fulleride anion.

Although fulleride molecular dynamics have been well
studied in the pure A3;Cqo and AsCso phases, there is
much less known about the interplay of the motions of
the complex cations and anions in the increasingly
important ammoniated phases. The molecular dynam-
ics within (ND3)gNa,Cgo are complex and both 13C and
2H NMR probes show the influence of the cation—anion
interaction.” The 2H spectra indicate NDj3 reorientation
about its C; axis at >108 Hz persists to 150 K and that
there are a distribution of barriers to the isotropic
reorientation of the complex itself. The wide-line 13C
NMR spectra at 298 and 132 K are shown in Figure 22.
The single resonance due to isotropic anion reorientation
at 298 K becomes a powder pattern from an axially
symmetric shift tensor at 132 K. The line shapes do
not precisely correspond to those expected for simple
slowing down of an icosahedral reorientation, suggesting
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Figure 19. (a) The Na(ND3)s™ complex from the structure of (ND3)sNa,Cso in R3 symmetry, showing the two crystallographically
distinct ammonia molecules. (b) The ABC stacking sequence of expanded fulleride layers in (ND3)sNazCso. The fulleride anions
are represented as spheres. The formation of the complex cations is illustrated by depiction of a subset of the axial ammonia
molecules and sodium cations. The sodium cations and axial ammonia molecules are seen to be displaced from the tetrahedral
(open small spheres) and octahedral (black small spheres) sites, with an ammonia molecule from the AB gap coordinating a

sodium cation in the BC gap.%”

Figure 20. The N—D...w interaction in (ND3)sNa,Cego between
the equatorial ND3 and a six-membered ring of the Cego?~
anion: the deuterium is located 2.61 A above the centroid of
the hexagon.

that at room temperature, where the signal observed
is isotropic, two different motions are occurring: axially
symmetric reorientation of the Cg0?~ by 3-fold jumps of

Figure 21. The weak hydrogen bonds shown in Figure 20
between the equatorial ammonia and the fulleride anions form
an extended network within the expanded fulleride layers. The
thin lines show the hexagon centroid over which the deuterium
atoms lie. Each equatorial ammonia molecule interacts via two
deuterium atoms with two Cee?~ anions separated by 12.22 A,
Fulleride anions from neighboring layers are located over the
axial ammonia molecules. The sodium cations are shown as
gray.*’

the molecules around the Cj axis at the centroid of the
six-membered rings (motion (a) in Figure 22(c)), and
jumps between equivalent axis orientations (motion (b)
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Figure 22. The 2C wide-line NMR spectra of (ND3)sNa>Ceso
at (a) 300 K and (b) 132 K. (c) Indication of the two reorien-
tational motions of the Cg?~ anion consistent with the line
shape. Process (b), involving the interchange of the six-
membered rings, is frozen at 132 K.

in Figure 22c) leading to fully isotropic reorientation.
On cooling, the interconversion of the symmetry in-
equivalent hexagons (motion (b)) freezes out first, leav-
ing only the Cj reorientation (motion a). The 298 K 13C
T is very short (10 ms) compared with that of Na,Cgg
(425 ms) and (ND3)K3Cgo (102.5 ms), and temperature-
independent. The averaging of the hydrogen bonding
of the Cg02™ ions to the quadrupolar deuterium nucleus
by isotropic anion reorientation is the probable source
of this efficient relaxation. The correlation between the
short 3C T, and the close C...D contacts found in the
diffraction studies is further evidence for specific hy-
drogen bonding interactions being responsible for the
structure of (ND3)sNaxCeo.

The example of (ND3)sNa>Cgo shows that interactions
with nonspherical counterions can produce new fulleride
structures in which the anions remain in electronic
contact. The use of the X—H...7 bonding to control
fulleride structure may prove to have wider application.
This structure has sufficiently short inter-Cg contacts
to allow delocalization of the ty, electrons, motivating
the search for isostructural Cse®~ phases.
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Figure 23. The structures of primitive hexagonal tetraalkyl-
ammonium fullerides. (a) (THF)(CHz3)4NCgo((CH3)4N)2Ceo; and
(b) ((CH3)aN)2Ceo.

4. Alkylammonium Cgo Phases

The preparation of Cgo~ and Cgo?~ salts of the tetra-
methylammonium cation was recently achieved by
Douthwaite.’%® Both ((CH3)4N)2Ceo and (THF)(CHz3)s-
NCso salts adopt a primitive hexagonal structure, with
an AAA stacking of close-packed Cgp layers in contrast
to the close-packed stackings discussed so far (Figure
23). This primitive hexagonal structure is also found
for (P4)2Ce0,101192 which also contains two large tetra-
hedral groups per Cgp molecule. The important crystal
chemical point is that the presence of two large groups
(two (CH3)4N cations, or one (CH3)4N™ cation and one
solvating THF, or two P4 units) appears to favor the
primitive stacking sequence, which contains two large
trigonal prismatic sites per anion, compared with the
single large octahedral site found in the close-packed
structures. The instability of all the AAA stacked
materials to attempts to remove 50% of the species in
the trigonal prismatic sites suggests that the complete
filling of the large interstitial sites in the array is key
to its stability. The Cgo~ phase is stable to polymeri-
zation and appears to be a highly correlated metal above
230 K, which is consistent with eight 10 A interfulleride
contacts. A sharp reduction in the susceptibility below
230 K is consistent with a metal—insulator or metal—
metal transition coincident with a structural transition,
associated with a pronounced slowing of the anion
reorientational dynamics indicated by 2C NMR.
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5. Sodium Fullerides

Following initial reports detailing phase stability in
the Na,Cgo field,”® an almost complete range of fcc solid
solutions for 2 < x < 10 due to multiple occupancy of
the octahedral site by sodium,36.76.103 the absence of
superconductivity at any composition, and only one
report of metallic behavior (in Na,Cgo),1%4 there was a
lull in studies of these phases. Recent work, both
theoretical and experimental, has shown that there are
many questions to answer and intriguing properties, in
particular relating to the interpretation of the observed
structures in simple chemical bonding terms.

NayCgo adopts the fluorite structure, with essentially
complete occupancy of the tetrahedral sites by sodium.
The vacant octahedral site allows this phase to act as a
host for postsynthesis intercalation of mercury from the
vapor phase to form Na;Hg,Ceo (y < 0.25).1% In contrast
to alkali metal species on the octahedral site, structural
and NMR data indicated that the inserted Hg transfers
little charge to the Cgo?~ anions.

A new NayCgo phasel® has been prepared, with a
unique polymer structure, based on layers of polymer
formed by each Cg making four single bonds to its
neighbors. The phase is metallic, albeit with a strongly
temperature-dependent magnetic susceptibility.

Aside from the well-characterized Na,Csgp, the phase
relations themselves remain a matter of controversy:
NasCgo Was not found in a recent X-ray study of NayCeo
phases prepared at 200 °C.1% The absence of solid
solution between x = 2 and x = 3 is in conflict with
previous X-ray studies36.76 and typical of the uncertainty
that still surrounds this phase diagram. The most
complete understanding of the thermodynamics of phase
relations in this system is offered by a 600 K electro-
chemical study that indicates a miscibility gap in NayCeo
for 0 < x < 2, solid solution for 2 < x < 3, and a further
miscibility gap until x = 3.7.197 Thin films studied by
Raman,1%8 electron diffraction, and EELS% also show
solid solution, with NasCeo adopting an fcc rather than
a polymeric structure.

There appears to be a consensus on the existence of
fce structures for x > 6, with several confirmations of
the x = 6106110 gnd x ~ 1071109111 phases. Multiple
occupancy of the octahedral site in Nag+xCeso has at-
tracted attention since the first reports of Nas’® and
Nag—_19% units from X-ray powder diffraction attracted
theoretical criticism!!? for underestimating the Na—Na
distances, calculated as a minimum 3.2 A. A recent
combined 13C and 22Na NMR study of NagCe confirms
the Nau unit on the octahedral site.1® The tetrahedral
sodium cations occur at the same 22Na chemical shift
(73 ppm from aqueous NacCl) as in Na,Cgo, Whereas the
147 ppm “octahedral cluster” resonance has twice the
intensity of the T resonance, consistent with an Nay
group. The marked shifts from Nat(aq) were inter-
preted as indicating incomplete charge transfer to Ceo,
particularly from the sodium species occupying the
octahedral site. This interpretation is backed up by
Raman measurements and the 176 ppm 3C shift, which
is 20 ppm downfield from the bcc A¢Cgo phases from the
heavier alkalies.’’3 The NMR evidence implies a re-
duced occupancy of the t;, orbitals and incomplete Na
ionization, with a smaller positive charge on the octa-
hedral “cluster” sodium cations.
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Figure 24. The electronic structure of Na;oCe. (a) Band
structure. The Fermi level marked by E; lies in the ty4 states.
The band below Es at the T" point, above the filled t;, bands,
is the “O void” state trapped by the Madelung potential of the
Nag®" unit. (b) Probability density of the “O void” state at the
T point of the Brillouin zone. Reproduced with permission from
ref 111.

This chemically appealing picture is challenged by a
combination of electron energy loss spectroscopy (EELS)
and LDA/Car-Parrinello calculations!!! (Figure 24).
EELS is consistent with a constant, nearly complete
degree of Na ionization over the 4 < x < 10 range, with
the transferred electrons entering the t;, levels of Cgp
for x < 6. However, the C 1s absorption data do not
change between the NagCgo and NagCeso compositions.
These data are interpreted as indicating that, although
Na is still ionized, the electrons do not enter the ty4
“LUMO + 1” level. The radical interpretation suggested
by theory does not involve Na—C covalency, but places
the two electrons at the center of the octahedral (O) site,
trapped by the Madelung potential of the Nat cations
in the Nag unit, but not in Na-derived orbitals. NajoCso
has an apparent charge of Cg®~, consistent with sub-
sequent occupation of the ti4 levels once the “cluster
trap” states are occupied, leading to a theoretical
prediction of metallic behavior. Interestingly, the re-
laxed Na;oCso structure!! is calculated to be a highly
irregular Nag parallelepiped, with Na—Na distances
between 3.3 and 3.9 A and pronounced displacement of
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Figure 25. Variation of T, with bcc unit cell parameter in
the AsBasCso phases. The dependence is opposite to that found
for the AsCeo phases shown in Figure 2. Reproduced with
permission from ref 114.

the tetrahedral Na from the site center to give a 3.1 A
contact to the sodiums occupying the O sites. The
combined theoretical and experimental image of non-
rigid band behavior in systems in which the ti4 levels
are formally occupied is clear.

6. Superconductivity in the Half-filled tygq
Band_AgBa:3C50

The tig “LUMO + 17 level of Cg offers the same
symmetries for electron—phonon coupling as the ty,
level, because the t1,®t;, and t1®t;g4 direct products are
equivalent. The recent syntheses of AzBazCeo phases!*
(A = K, Rb, Cs) with a formal Cg°" charge and half-
filling of the tig band allows this correspondence be-
tween the t;,® and tig® configurations to be probed
experimentally. The synthesis involves BazCgo, Which
is a vacancy-ordered derivative of the bcc AgCeo Struc-
ture with half of the cation sites empty (A15 structure),
as an intercalation host, taking up three alkali metal
cations at 250° to form a cation-disordered AzBasCeo
phase isostructural with KeCeo. The half-filled t;4 band
does produce superconductivity (T, = 5.6 K for Ks-
BasCeo), but the insertion of larger At cations reduces
T, contrary to the behavior of the Cgo®~ phases (Figure
25). Normal-state susceptibility measurements show
that the density of states at the Fermi level is about
half that of the A3;Cgo compounds, suggesting broader
bands. McMillan equation analysis of the dependence
of T, on N, indicates that the pairing phonon has a much
reduced energy of 320 K.

7. Higher Fullerenes

Although Cg is only one member of the Cz, (n = 10)
fullerene family, it is by far the most intensively studied
because of its preponderance in current fullerene syn-
theses. It is natural to ask whether the striking range
of electronic properties observed for the Cgp fullerides
has any analogy in the intercalates of the higher
fullerenes.
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The extensive metal intercalation chemistry of Cgo can
be attributed to the low energy of its frontier orbitals,
conferring a high degree of electronegativity on the
molecule.’*> The linking feature of the geometric struc-
tures of the family of fullerenes, the presence of 12
pentagons plus an arbitrary number of hexagons, also
gives each fullerene six low-lying empty orbitals in
analogy to the t;y, LUMO and tig “LUMO + 1” levels
of Cgp itself. This ability to accommodate up to 12
additional electrons may be thought of as each five-
membered ring taking up one electron to form a six
m-electron unit. Therefore, each higher fullerene might
also be expected to display an extensive intercalation
chemistry. The details of the crystal structure can be
expected to depend on the molecular point symmetry
of the fullerene in question, and with recent theoretical
and experimental work focusing attention on the key
role of the degeneracy of the t;, Ceo LUMO in avoiding
the seemingly inevitable Mott-Hubbard transition at the
Ceo®~ charge. The wide variation in the degeneracies
of these six low-lying orbitals, again controlled by
fullerene molecular symmetry,116 can be expected to
confer a wide variety of electronic properties on higher
fulleride intercalates. However, experimental work on
these systems remains sparse because there are severe
obstacles; for example, many of the higher fullerenes
occur as structural isomers that are extremely difficult
and time-consuming to separate from each other.

C+0 has only one isolated pentagon isomer, with Dsy,
symmetry, and has thus been the most extensively
studied higher fullerene. The frontier orbitals of C;o are
two closely spaced a;" (LUMO and precisely nonbonding
in Huckel theory) and e;” (LUMO + 1) levels (there are
no 3-fold degenerate representations of Dsp). These two
levels are predicted to be close in energy''” and the
electronic ground states of C7o"~ anions can be expected
to be even more complex than the Cgo"~ cases. Experi-
mentally, the KCro phase diagram is the best-studied,
revealing rock-salt K;Crq, bct K4Cro, bee KeCro, and fcc
KoC70 phases.118119 Significantly, the K3C-o composition
disproportionates below 440 K,18 making it hard to
evaluate the significance of the conclusion from electron
spectroscopies on thin film samples that C7o"~ fullerides
are nonmetallic. Further synthetic work to prepare
C70%~ phases stable to lower temperature is called for.
The KgCro phase is suggested to have a similar structure
to fcc Nag+xCeo, although two different (x,x,x) positions,
corresponding to two interpenetrating tetrahedra rather
than a cube, are used to describe the occupancy of the
octahedral site.11® There is as yet no detailed treatment
of the C7o"~ orientation in any of these phases. Fully
ordered structures would have monoclinic symmetry,
and theory indicates that the orientational disorder
required by the reported crystal symmetries will have
a profound effect on the properties.’?® A detailed
transport study indicates that K,C;o films are weakly
localized metals, with the absence of superconductivity
attributed to weaker electron—phonon coupling than in
the Cqo case.’?! It is clear that the near-spherical shape
and LUMO degeneracy of Cgp are not present in Cyy,
and this may be a possible explanation for the differ-
ences in structural chemistry and electronic properties.

Using the simple similarity criteria of near-spherical
shape and LUMO degeneracy to guide the search for
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analogies of the intercalation chemistry of Cgo leads to
the D,y isomer of Cgq. There are actually 24 isolated
pentagon isomers of Cgs,116 but current syntheses yield
a 2:1 mixture of the D, (majority) and Dyg (minority)
isomers. Cgy-Doq is nearly spherical (rmax/rmin = 1.01)
and has a doubly degenerate LUMO (Figure 26(a)).

PES studies of vacuum deposited films of the 2:1
mixture of D, and D,q isomers of Cgq gave evidence for
a range of phases, without any indication of metallic
behavior.1227124  The intrinsic narrow bandwidth of
fullerides combined with the larger disorder potential
and vibronic barrier to electron transfer arising from
the differing electronic structure of the two isomers
could be expected to give rise to polaronic or Anderson
localization. The recent separation of the two Cgq
isomers by HPLC methods!?® is therefore an essential
prerequisite to the understanding of the extent to which
analogies to Cgp are possible. This important develop-
ment has allowed the isolation and structural analysis
of KgxCsgs fcc phases for the D,, Dy, and 2:1 mixed
isomer host solids.’26 The structures, derived from
synchrotron X-ray powder diffraction on <0.4 mg
samples, appear similar to Nag;+xCgso, but when exam-
ined in detail, show how the lower point symmetry
higher fullerenes can be partially orientationally or-
dered by cation—anion contacts even in cubic structures.

The Cg4-Dog molecular symmetry is lower than the
On point symmetry of the site occupied in the crystal
by the Cg4 anion and therefore orientational disorder is
inevitable. Partial orientational order is achieved by
alignment of the 4 axis of the molecule with the cube
axes; there are then two possible orientation choices.
The normals to the mirror planes cutting through the
6:6 bonds can be aligned with the [100Cdirections (4m2
symmetry) or along the [1100 face diagonals (42m
symmetry; Figure 26(b) and (c)). Refinement clearly
indicates that the 42m orientation, with the 6:6 bonds
rotated 45° from the Cgo®~ orientation in K3Cgo (Figure
3(a)), is preferred for both pure D, and D24 host isomers
and also the mixed isomer host. This result is due to
the avoidance of over-close contacts between the potas-
sium cation on the tetrahedral site and the carbon
atoms. In this orientation, the tetrahedral potassium
cation is located directly over the centroids of four six-
membered rings from the neighboring Cg4 anions.

The partial orientational order occurs because the
shapes of both the D, and Dy isomers are almost
compatible with cubic symmetry, despite the absence
of a 3-fold axis. The orientationally ordered molecules
have a hexagon centroid located along the Fm3m Cj
axes (the cube diagonals). This is not a C;3 axis of the
Cgs molecule itself, because this hexagon is surrounded
by two pentagons and four hexagons (unlike the more
symmetrical Cgo in which it is a true Cs axis), but can
be seen as a ‘pseudo-C3’ axis. The Cz operation in Fm3m
superimposes the pentagons and hexagons around the
hexagon perimeter, while still maintaining the hexagon
centroid along the [1 1 1] direction, allowing acceptable
K...C contacts.

The interstitial sites in the fcc anion array are
occupied in a very similar way to the Nag+xCeso phases.
The tetrahedral site is almost fully occupied and there
is multiple potassium occupancy of the octahedral site.
Approximately 25% of the octahedral site center and
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Figure 26. (a) The D, and Dyq isomers of Cgs with the six
LUMOs of each molecule. Note the degeneracy of the Dyqg
LUMO. There are two possible (partially ordered) orientations
of the Cgs—D-q isomer with respect to the symmetry operations
of Fm3m, aligning the S, axis with the [001] direction. (b)
Mirror plane normals of Cgs — Dyg directed along [1000(c)
mirror plane normals directed along (1100 The orientation
shown in (c) is indicated strongly by Rietveld refinement for
the D4 isomer in the isomer pure KgxCsgs solid and for both
the D, and Dyq isomers in the mixed isomer phases.

75% of the cube corner sites are occupied, suggesting
that these two positions are occupied in a mutually
exclusive manner; that is, on 25% of the octahedral sites
there are only octahedron center positions occupied and
the cube corner positions are empty, whereas on the
remaining 75% of the octahedral sites there are com-
plete Kg cubes without occupancy, and resulting short
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Figure 27. The Kz cube on the octahedral site of the fcc
Ksg+xCsa phases.

K—K contacts of the site center. The edge of the Kg cube
is considerably larger than the Na, units at 3.6 A, which
is consistent with the larger size of potassium (Figure
27). There is no indication from EPR studies of any
unpaired spin density on this potassium unit. The
phases all appear to be localized electron insulators,
although the size of the interanion exchange coupling
does appear to vary with the symmetry of the host
molecule.

Orientationally ordered phases similar to those in the
Ceo case can therefore be prepared from higher fullerene
hosts. Detailed investigation of the structures and
electronic properties of a wide range of higher fulleride
intercalates, of particular interest at compositions cor-
responding to half-filling of bands derived from degen-
erate basis orbitals such as Cg42~—Dyq, is now possible.

Conclusion

It is appropriate to return to the question posed
initially of whether further study of these extensively
investigated materials is worthwhile, as the highest
transition temperature of 40 K has not increased in the
past two years. A combination of the absence of real
predictive power in the solid state and consideration of
new theoretical and experimental developments indi-
cates that there are areas of real interest still to be
addressed. Recent work shows that key questions
remain unanswered, and that these questions link the
fullerides to other important areas of solid-state science.
The A3Cgo compounds are metals despite the interelec-
tron repulsion appearing to be considerably larger than
the bandwidth, due to the influence of orbital degen-
eracy on the Mott—Hubbard model. Magnetic ordering
competes with superconductivity, suggesting common
features with the copper oxides. Major advances,
however, will have to come from breakthroughs in
preparative chemistry because the search for higher
superconducting transition temperatures now requires
the synthesis of new structure types, differing from the
simple sphere packings yet retaining electronic contact
between the anions. The example of (NH3)sNaxCeo
shows that these new structures can be constructed
using a range of weak intermolecular interactions, and
could be effected by borrowing ideas from the fields of
supramolecular chemistry and crystal engineering. The
higher fullerenes, with different point symmetries and
frontier orbital degeneracies, offer an unexplored range
of new intercalate structures and unpredictable physical
properties.
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