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Superconducting transition temperatures in bulk chemically

intercalated fulleride salts reach 33 K at ambient pressure and

in hole-doped C60 derivatives in field-effect-transistor (FET)

configurations, they reach 117 K: These advances pose impor-

tant challenges for our understanding of high-temperature

superconductivity in these highly correlated organic metals.

Here we review the structures and properties of intercalated

fullerides, paying particular attention to the correlation between

superconductivity and interfullerene separation, orientational

order/disorder, valence state, orbital degeneracy, low-symmetry

distortions, and metal–C60 interactions. The metal–insulator

transition at large interfullerene separations is discussed in

detail. An overview is also given of the exploding field of gate-

induced superconductivity of fullerenes in FET electronic

devices. # 2002 Elsevier Science (USA)
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1. INTRODUCTION

The fullerene family represents a new molecular form of
pure carbon, which has proven to be of remarkable interest
for both its chemical and physical properties. Following
the serendipitous discovery of C60 (a quasi-spherical
molecule with dimensions of B1 nm) and the production
of bulk crystalline samples of fullerenes from arc-processed
carbon, research on the solid-state properties of fullerene-
based nanostructures and nanonetworks has proceeded at
an exhilarating pace (1). Novel carbon materials like the
nanotubes, the buckyonions and the endohedral metallo-
fullerenes have been subsequently discovered, while full-
erene derivatives show a plethora of interesting properties,
ranging from superconductivity to ferromagnetism and
promise future applications in batteries, transistors and
sensors among others.
1 To whom correspondence should be addressed. Fax: +44-12-73-67-
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The most well-known derivatives of C60 are those with
alkali metals, which become superconducting with high
transition temperatures (up to 33 K at ambient pressure
(2), rising to 40 K at high pressure (3)). Changing the size
and nature of the dopants affects sensitively the super-
conducting properties of the materials (4), culminating in
the recent observation of high temperature superconduc-
tivity at 117 K in hole-doped C60 derivatives (5). Another
remarkable discovery has been the reaction of C60 with the
strong organic donor tetrakis(dimethylamino)ethylene,
(TDAE), resulting in the formation of a ferromagnetic
solid, ðTDAEÞC60; with a 16 K Curie temperature (6).
Finally, an unexpected discovery in this field has been the
ease with which C60 units can bond together, giving rise to
polymerized fullerene networks with novel structural
architectures. Such fullerene-bridged arrays display varying
dimensionality and diverse types of bonding, also leading
to fascinating electronic and magnetic properties. For
instance, a two-dimensional (2D) polymeric form of C60

was reported to be ferromagnetic above room temperature
(7). These results have ensured that a vigorous research
effort in fullerene research will continue to be maintained
in the foreseeable future.

2. INTERCALATED FULLERIDES

The high electron affinity of C60 and the weak
intermolecular van der Waals forces between the molecules
in the crystal make it an excellent potential host for
reductive intercalation chemistry. Indeed, intercalation
of solid C60 with electron donors, like the alkali metals,
results in a wealth of intercalated fulleride salts with
stoichiometries AxC60; where x can be as low as 1 (CsC60)
or as high as 12 (Li12C60). This reflects the ease of
reduction of C60; especially to oxidation states ranging
from �1 to �6:

Metallic compositions are primarily encountered for
stoichiometries A3C60: These salts are superconducting
with Tc’s as high as 33 K (at ambient pressure) for
9
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RbCs2C60 (2). The superconducting phases adopt, in
general, either face-centered-cubic (fcc) or primitive cubic
structures, in which the three cations occupy the available
octahedral and tetrahedral interstitial sites. Charge transfer
is essentially complete and the conduction band of C60;
which arises from its lowest unoccupied molecular orbital
(LUMO) of t1u symmetry is half filled (Fig. 1). The
fullerides are potentially simpler materials than the high-
Tc cuprates and thus perhaps more easily amenable to
theoretical modelling; still they do pose many challenges,
principally arising from the comparable magnitudes of the
Fermi and phonon energies and the role of electronic
correlations. Superconductivity has been explained by both
conventional electron–phonon (8) and purely electronic (9)
models. In both models, pair binding is assumed to be
dominated by intramolecular properties. Experimental
evidence derived from the relationship between lattice
dimensions (i.e., interfullerene spacing) and superconduct-
ing transition temperatures (Fig. 2) in A3C60 both at
ambient and at high pressures is consistent with Tc being
modulated by the density-of-states at the Fermi level, NðeFÞ
(4). As the interfullerene spacing increases, the overlap
between the molecules decreases; this leads to a reduced
bandwidth, and, for a fixed band filling, to an increased
FIG. 1. The C60 molecule (left) and its corre
density of states. From a BCS-type relationship:

Tcpð_ophÞ exp½�1=NðeFÞV � ¼ ð_ophÞ expð�1=lÞ; ½1�

where V is the electron–phonon coupling strength, l ¼
VNðeFÞ; and oph is the average intramolecular phonon
energy, the observed Tc may be understood in terms of (i) a
high average phonon frequency, _oph; resulting from the
light carbon mass and the large force constants associated
with the intramolecular modes, (ii) a moderately large V
with contributions from both radial and tangential C60

vibrational modes, and (iii) a high DOS at eF; resulting
from the weak intermolecular interactions.

The role of electron correlations is a crucial ingredient in
all attempts to understand the normal and superconducting
state properties of A3C60 fullerides, as the on-site Coulomb
repulsion, U is comparable to or greater than the t1u

bandwidth, W : Estimates of U for the C60 molecule are of
the order of 3 eV: This value is reduced in the solid and
is generally assumed to be E1 eV: As typical values of W
for A3C60 are of the order of 0:5 eV; the ratio (U=W) is
typically much larger than 1 whence the t1u band should
split into two and, as a result, a Mott–Hubbard insulator
should be observed (10). For this reason, it was suggested
sponding molecular orbital energy level scheme.
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that the metallic and superconducting behavior in A3C60

arises through the effect of non-stoichiometry, namely the
true composition is A3�dC60(11). However, the boundary
of the metal–insulator transition shifts to a critical value of
ðU=WÞc ¼ 2:5 when the triple orbital degeneracy of the
LUMO states is taken into account, thus naturally
accounting for the highly correlated metallic behavior of
stoichiometric A3C60 (10).

Highly doped states of Cn�
60 ðn > 6Þ can be synthesized

when alkaline earth metals are used as intercalants. In such
cases, the conduction band derives from the next unoccu-
pied molecular orbital (LUMO+1) of C60; which is also
triply degenerate with symmetry t1g (Fig. 1). Partial
occupancy of the t1g orbitals can also lead to certain
compositions, which display superconductivity. Recent
studies have revealed that the behavior of alkaline earth
fullerides cannot be directly extrapolated from that of
their alkali fulleride antecedents (12). For example, while
non-cubic A4C60 fullerides are insulating, Ba4C60 and
Sr4C60 are bulk superconductors with Tc ¼ 6:7 and 4:4 K;
respectively, despite possessing a non-half-filled conduction
band and adopting highly anisotropic orthorhombic
structures.

2.1. The Parent Superconducting Fullerides K3C60 and Rb3C60

The structure of the parent A3C60 ðA ¼ K;RbÞ fullerides
is fcc and is based on the cryolite structural type (Fig. 3)
(13). If we consider the size of the two interstitial sites for
intercalation, we can see that the octahedral one (radius
E2:06 (A) is large enough to accommodate all alkali metal
ions, while the tetrahedral one (radius E1:12 (A) has a size
larger than Naþ but smaller than Kþ: As a result, the size
of the alkali ions occupying the tetrahedral voids plays
a crucial role in determining the structural properties of
alkali fullerides and ions larger than Naþ cannot be
accommodated without substantial expansion of the
lattice. Thus, different structural behaviors are observed
between alkali fullerides containing large alkali ions (Cs,
Rb, K) and those containing the smaller Naþ or Liþ:

In the first case, the structure is best described in the
space group Fm%3m with a unit-cell size larger than that of
C60 (14:24 (A for K3C60) (13). The fulleride ions are no
longer free to rotate, as in the case of pure C60; due to steric
effects associated with the alkali ions in the tetrahedral
sites. Instead, they are characterized by merohedral
disorder and occur in two equally populated orientations
related by a 901 rotation about the [001] or equivalently by
44123’ about the [111] crystal axis. No phase transitions
driven by changes in the reorientational behavior occur as
a function of temperature or pressure. The C3�

60 ions
perform small-amplitude librational motion whose ampli-
tude increases and energy decreases with increasing
temperature. The crystal structure is well understood in
terms of the strong repulsive interactions between the alkali
ions and the fulleride units. The latter are forced to expose
towards the tetrahedral alkali ions the part of their quasi-
spherical shape with the largest surface area, namely the



FIG. 3. The cryolite structural type adopted by K3C60: The shaded

and open spheres represent potassium ions residing in the octahedral

and tetrahedral sites, respectively.
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hexagonal faces, thus leading to maximization of the Aþ–
CðC60Þ distances. The resulting alkali metal coordination
geometry is to four hexagonal faces of neighboring
fulleride ions (tetrahedral site, coordination number 24)
and to six hexagon–hexagon (6:6) fusions (octahedral site,
coordination number 12).

Despite the apparent simplicity of the A3C60 structure,
some important issues are not as yet fully resolved. One
feature of the structural data is the large isotropic
temperature factor found for the octahedral ion
(B16 (A2), implying the existence of substantial static
and/or dynamic disorder (13). In addition, while the crystal
structure is consistent with the presence of only two
inequivalent alkali ions, 39K and 87Rb NMR measurements
in K3C60 and Rb3C60 reveal that the peak associated with
the tetrahedrally coordinated ions splits into two compo-
nents (T and T 0) at low temperature (14). Possibilities to
account for this behavior include the existence of local
misorientations of C3�

60 ions, displacement of the octahedral
ions off the center of the interstices, molecular Jahn–Teller
distortions, structural instabilities like charge density
waves, or a small concentration d of tetrahedral vacancies.
Careful analysis of synchrotron X-ray diffraction data has
provided support for the presence of such tetrahedral
vacancies in K3�dC60 with dE0:07 (15).
2.2. Alkali Fullerides with Small Interfullerene Separations

2.2.1. Sodium Fullerides

The control of the structural properties of intercalated
fullerides by the ion occupying the tetrahedral interstices is
immediately evident when Naþ is introduced in the
tetrahedral holes of a cubic-close-packed (ccp) array of
C3�

60 ions. For instance, in Na2CsC60 (16), the C3�
60 ions are

not confined to their two standard orientations found in
K3C60: As the Naþ ionic radius (0.95 (A) is smaller than the
size of the hole, there is evidently enough space for the C3�

60

ions to rotate in such a way as to optimize both the
attractive Naþ–C3�

60 interactions and the C3�
60 –C3�

60 contacts.
The resulting structure is fcc, but differs from that of
merohedrally disordered fullerides with respect to the
orientational state of the C3�

60 ions, which are now quasi-
spherically disordered. On cooling, a phase transition
occurs in the vicinity of room temperature to a primitive
cubic structure (space group Pa%3). Optimization of the C60

orientations occurs for the same orientational state found
in solid C60; namely an anticlockwise rotation about [111] of
B981: For this setting, the C–C contacts are optimized as
6:6 fusions ‘‘nest’’ over pentagonal faces of neighboring
ions and at the same time, the Naþ–C60 coordination is
highly optimal, as each C60 presents two hexagonal faces
and six 6:6 fusions to its eight neighboring Naþ ions,
reducing their coordination number to 12.

The primitive cubic family of Na2ðA;A0ÞC60 ðA;A0 ¼
K;Rb;CsÞ salts displays a much steeper rate of change of
Tc with interfullerene spacing than that exhibited by the
merohedrally disordered fcc fullerides (16), while at the
same time, the effects of physical and chemical pressure on
the superconducting properties are very different; chemical
pressure suppresses Tc much faster than physical pressure
does (Fig. 2) (17, 18). The origin of the faster depression of
Tc with decreasing interfullerene separation in Na2

ðA;A0ÞC60 is of particular interest. Empirically, it appears
that the modified structure and intermolecular potential
sensitively affect the electronic and conducting properties.
The changed orientational state of the ions in the Pa%3
structures could affect electron hopping between neighbor-
ing ions and, as a consequence, might lead to a modified
rate of change of NðeF), and hence of Tc; with interfullerene
spacing. However, the accumulated experimental evidence
suggests that there is little difference in the a-dependence
of NðeF) between Na2CsC60 (Pa%3) and K3C60 and Rb3C60

(Fm%3m) (19).
Subsequent experiments have revealed a more compli-

cated situation than hitherto appreciated. The properties of
ternary, Na2AC60 and quaternary, Na2ðA;A0ÞC60 fullerides
are highly sensitive to the cooling protocol. While upon
rapid cooling, the salts remain strictly cubic, slow cooling
stabilizes a monoclinic phase, comprising quasi-one-dimen-
sional (1D) C3�

60 chains with short interball center-to-center
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distances of 9:38 (A and bridged by single C–C bonds
(Fig. 4) (20). The influence of the formation of the polymer
on the superconducting properties is profound. Magnetiza-
tion measurements were performed on Na2RbC60 and
Na2CsC60 following different cooling procedures. The
diamagnetic response in Na2RbC60 is strongly suppressed
on slow cooling, revealing that the polymer phase is not
superconducting and that the observed superconducting
fraction arises from the untransformed cubic phase. The
situation is different for Na2CsC60 which is completely
insensitive to thermal history and remains strictly cubic.
It thus appears that polymer formation occurs only below
a critical interball separation. As far as the electronic
properties of the Na2AC60 polymers are concerned, they
are found to be metallic. At small interchain separations
ðA ¼ RbÞ; they remain conducting down to 4 K and show
no instabilities, like the formation of SDW or CDW states.
However, when the interchain separation is increased by
gradual substitution of Rb by Cs across the series
Na2Rb1�xCsxC60; the increased one-dimensionality results
in a transition to an AF insulating ground state below 45 K
(21).

While superconductivity in sodium fullerides is confined
to the isotropic 3D phases, there may be a connection
between the suppressed values of Tc and polymer forma-
tion through the presence of intergrowths of non-super-
conducting polymer domains whose size grows as the
lattice constant decreases. Such an interpretation is
reminiscent of the detrimental effect on superconductivity
of the formation of the LTT structure in the Ba-rich phases
of the La1:875ðBa;SrÞ0:125CuO4 series. Although this is an
FIG. 4. Crystal structure of the Na2RbC60 polymer (Naþ ions are

depicted as light-shaded spheres and Rbþ ones as dark-shaded).
appealing interpretation of the anomalous behavior of Tc;
a number of additional Na-specific explanations still
remain. These include: (i) the existence of an, as yet,
unidentified low-symmetry distortion of the primitive cubic
structure; (ii) a very sensitive modulation of the degree of
electron transfer between Na and C60 by the interfullerene
separation which leads to non-rigid band behavior,
deviations from half filling of the conduction band and
rapid suppression of superconductivity, in analogy with the
situation encountered in non-superconducting Li2CsC60

(vide infra). This analogy is reinforced by the observation
that the high temperature fcc phase of Na2CsC60 in which
there is a clear evidence of Naþ–C interactions is
insulating; and (iii) following the observation of dynamic
Jahn–Teller distortions in Na2CsC60 and charge fluctua-
tions which create C2�

60 and C4�
60 ions (22), the light Naþ

ions can respond more easily to the higher electronic
density regions in the primitive cubic structure, modifying
the electronic/vibrational properties of the fulleride ions to
such an extent, that superconductivity disappears.

2.2.2. Lithium Fullerides

The synthesis of single-phase ternary Li fullerides,
Li2RbC60 and Li2CsC60 was originally reported by
Tanigaki et al. (23). These systems adopt an fcc structure
at room temperature. Originally, SQUID measurements
revealed the existence of a small diamagnetic fraction at
low temperatures, possibly associated with an impurity
phase. Li2CsC60 seemed to have a Tc of 12 K with a
shielding fraction of 1%. Subsequently, better character-
ized samples showed that both Li2CsC60 and Li2RbC60 are
not superconductors, thus not obeying the simple mono-
tonic relation between Tc and the lattice constant (Fig. 2).
The non-superconducting properties can be related to the
enhanced interactions between Li and C60 that modify the
electronic structure at the Fermi level through partial
hybridization of carbon pz and metal 2s orbitals. Crystal-
lographic analysis has revealed that an fcc structure
comprising spherically disordered C3�

60 ions is adopted even
at low temperatures (24). A symmetry-adapted spherical
harmonics (SASH) analysis of the disordered C3�

60 ions
reveals excess carbon density along the /1 1 1S direction,
indicative of the Liþ–C interaction. As a result, the formal
charge of the Cn�

60 ions is less than 3, implying a less than
half-full t1u band and suppression of superconductivity.
Raman measurements have established a value of the
effective doping level, nE2:5:

2.2.3. Dependence of Superconductivity
on Band Filling

The disappearance of superconductivity in the Li-
containing compounds has been rationalized in terms of



FIG. 6. Unit-cell basal plane projection of the primitive cubic

Li3CsC60 structure at low temperatures. The C60 units at the center of

the (1 1 0) face have been removed for clarity.
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the strong lithium–carbon interaction discussed before. In
order to overcome the Liþ–C interactions and achieve half-
filling (n ¼ 3) of the t1u band, the series of fulleride salts,
LixCsC60 ð1:5oxo6Þ was synthesized (25). By adjusting
the Li content, x; the electron transfer from the alkali
metals to C60 and the filling level of the conduction band
can be controlled (Fig. 5). Half filling was achieved for the
composition Li3CsC60 which is a bulk superconductor with
Tc ¼ 10:5 K: It is clear that superconductivity of the
LixCsC60 salts is greatly suppressed as the band filling
deviates from n ¼ 3 towards both under- and over-doped
directions. This is in excellent agreement with similar
results on Na2CsxC60 ð0oxo1Þ and M3�yBayC60

ð0:2oyo2; M ¼ K;Rb;CsÞ (26). For those series, a rapid
decrease in Tc was also found both as n decreased below 3
(Tc ¼ 0:5 K; n ¼ 2:5; Na2Cs0:5C60) and as n increased
above 3. At low temperatures, Li3CsC60 is primitive cubic
(space group Pa%3), isostructural with the Na2AC60 phases
with orientationally ordered C3�

60 ions in the unit-cell (27).
The tetrahedral and octahedral interstices are occupied by
Li and Cs, respectively, while the excess Li (one per C60

unit) is disordered at the corners of a (Li8Þ1=8 cube with an
edge length of B3:4 (A; centered at the octahedral sites
(Fig. 6). No anomalous close contacts between either the
alkali metal ions or between Liþ and the C60 units are
encountered. The observed geometry of the Li defect is
consistent with the existence of additional overdoped
LixCsC60 phases with x between 4 and 6. On heating to
room temperature, a phase transition occurs to fcc (space
group Fm%3m) with orientationally disordered C3�

60 ions.
The geometry of the Liþ defect is unaffected by this phase
change. The importance of the Liþ–C interactions in
FIG. 5. Dependence of Tc (squares) and superconducting fractions

(solid circles) of the LixCsC60 samples on the estimated filling of the C60

t1u band. The datum for n ¼ 4 (KBaCsC60) is taken from Ref. (26) (open

circle).
sensitively controlling the structural, conducting and
electronic properties of lithium fullerides is clearly evident,
while the rapid decrease of Tc as the C60 oxidation state
deviates from �3 provides a stringent test for any theory of
superconductivity in the fullerides.

2.3. Alkali Fullerides with Large Interfullerene Separations

2.3.1. Ammoniated Alkali Fullerides

An important issue in fullerene superconductivity,
related to the correlation between Tc and interfullerene
separation, depicted in Fig. 2, is the search for new
materials with large lattice parameters in order to address
the issue of whether these will be superconducting with
increased Tc or the expected band narrowing at these
interfullerene distances will lead to electron localization
and a transition to a Mott insulating state. While the on-
site interelectronic repulsion, U is a molecular quantity and
does not vary in the A3C60 series, the width of the t1u

conduction band, W depends sensitively on the interfuller-
ene separation and the ratio ðU=WÞ increases with
increasing lattice constant. As a result, for large enough
interball separations, ðU=WÞ may exceed the critical value
of 2.5 predicted by theory (10, 28) for the transition to an
insulating state. An excellent method to synthesize such
systems is to use as structural spacers alkali ions solvated
with neutral molecules, such as ammonia. The NH3

molecules coordinate to the alkali metal ions leading to
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large effective radii for the resulting (NH3ÞxA
þ species

which reside in the interstitial sites of the fullerene
structure, while the extent of charge transfer is maintained.
An early success of this approach was the ammoniation
of superconducting Na2CsC60 ðTc ¼ 12 KÞ to afford
(NH3Þ4Na2CsC60 which retained a cubic structure and
whose Tc increased to 29:6 K (29).

However, when K3C60 is intercalated with NH3 to afford
(NH3ÞK3C60; superconductivity at ambient pressure is
suppressed (30). The interfullerene separation (10.57 (A)
has now exceeded that in cubic RbCs2C60 (10:29 (A,
Tc ¼ 33 K) but the lattice expansion is found to be
anisotropic and to be accompanied by a reduction in
crystal symmetry from cubic to orthorhombic. The nature
of the electronic state of ðNH3ÞK3C60 at low temperatures
has been investigated extensively. Magnetic susceptibility,
electron spin resonance, and 13C NMR measurements
revealed that a metal–insulator transition occurs below
40 K (31). Muon spin relaxation (mþSR) studies provided
unambiguous evidence that this is accompanied by the
development of antiferromagnetic (AF) long-range order
(32) with the temperature evolution of the internal
magnetic field below TN following closely the behavior of
a conventional 3D Heisenberg AF with a staggered
moment, mð0ÞE0:7 mB/molecule. These results were subse-
quently confirmed by ESR and NMR studies (33, 34). The
emerging picture is then that (NH3ÞK3C60 is a narrow-band
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FIG. 8. Projection of the face-centered orthorhombic structure of

(NH3ÞK3C60 on the [1 1 0] basal plane. The ferrorotative (antiferrorota-

tive) order of C60 along the base diagonal /1 1 0S ð/1 %1 0SÞ is shown.
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interfullerene separation in the ab plane shortens by
B1:6% between ambient pressure and 1:2 GPa: The
resulting separation of 10:40 (A is comparable to that
observed in the cubic RbCs2C60 fulleride and evidently
leads to sufficient broadening of the conduction band to
allow recovery of metallic behavior and superconductivity
at 28 K: This behavior demonstrates beautifully the
complex electronic properties of these highly correlated
systems in which the metal–insulator transition can be
studied over an unusually extended range of values of the
bandwidth and the onsite interelectronic repulsion. We
stress that the high pressure phase of (NH3ÞK3C60 is the
only non-cubic superconductor among the t1u-based full-
erides. Low-symmetry superconducting phases are more
abundant among t1g-based systems which are characterized
by broader conduction bands and non-rigid band behavior
arising from the strong mixing of metal and carbon orbitals
(12).

Another prominent feature of fullerene-based materials
is the sensitivity of their electronic and magnetic properties
to orientational order/disorder of the C60 units which gives
rise to different relative orientations of the molecular
orbitals and different overlap of neighboring electronic
wavefunctions. The relationship between the orientational,
orbital and spin degrees of freedom has been theoretically
explored for the (TDAE)C60 ferromagnet (37). Indeed, it is
reminiscent of the complex orbital, charge and magnetic
order relationship encountered in strongly correlated
transition metal oxides, like the CMR manganites (38).
Interestingly, a structural phase transition has been
observed in (NH3ÞK3C60 below 150 K to an orthorhombic
structure (space group Fddd) derived by doubling the
lattice constants of the high temperature phase (space
group Fmmm) along all three axes (39). The Kþ–NH3 pairs
orient along the /1 1 0S direction in an antiferroelectric
fashion, while the C60 units adopt two distinct orientations
related by 901 about c and are antiferrorotatively ordered
along a and b (Fig. 8) (40). There is a remarkable
correlation of the C60 superstructure with the 3D AF
structure and molecular orbital scheme proposed from
NMR experiments (34) (Fig. 9). In the latter, the C60 units
along [1 1 0] order antiferromagnetically, while those along
[1 %1 0] ferromagnetically. This implies that the nature of the
intermolecular magnetic exchange interactions sensitively
depends on the relative orientation of near-neighbor C60

units. Indeed, if one examines the nearest contacts between
C60 along [110] and [1%10], one finds that 6:5 C–C bonds
face each other when viewed along the center-to-center
direction but the existence of a center of inversion along
[1 1 0] leads to pentagonal faces directed over hexagons and
vice versa (40). On the other hand, along ½1 %1 0� pentagonal
(hexagonal) faces of near-neighbors align over pentagons
(hexagons). The observed ordering pattern is reminiscent
of that proposed theoretically to account for the develop-
ment of ferromagnetism in ðTDAEÞC60 (37). The active
role played by the C60 orientational degrees of freedom in
the electronic and magnetic response of (NH3ÞK3C60 is to a
large extent reminiscent of the analogous strong coupling
between the orbital, charge, spin and lattice responses in
other strongly correlated systems like the manganese oxides
(38).

Of particular interest are attempts to increase the
interfullerene separation even further. For instance, the
(NH3ÞK3�xRbxC60 (x ¼ 1; 2; 3) compounds are isostruc-
tural with (NH3ÞK3C60 and also undergo an AF transition
at low temperatures (41). The ordering temperature, TN

first increases with lattice expansion to 76 K for x ¼ 2 and
then decreases to 58 K for x ¼ 3; in sharp contrast to what
is expected for a simple localized moment model. Instead,
the behavior is reminiscent of the phase diagram antici-
pated for a Mott–Hubbard system in which there is a
crossover from itinerant to localized behavior with
increasing ðU=WÞ (i.e., increasing interfullerene separa-
tion).

2.3.2. Breakdown of the Universal Dependence of Tc

on Interfullerene Separation

2.3.2.1. AxCs3�xC60 fullerides. RbCs2C60 shows the
highest Tc among cubic alkali fullerides at ambient
pressure. Isolation of isostructural phases with stoichio-
metry AxCs3�xC60 (A ¼ K;Rb) and larger lattice constants



FIG. 9. Schematic diagram of orientational and magnetic order in the

basal plane of the (NH3ÞK3C60 structure. Shaded (open) circles denote

orientation I (II) of C60: The moment directions have yet to be determined

and have been arbitrarily placed parallel to the b-axis.

FIG. 10. Geometry of the disordered Na(NH3Þ
þ unit residing in the

octahedral holes of the (NH3)NaRb2C60 structure. Large spheres are

the Naþ ions, small shaded and white spheres are the N and H atoms,

respectively.
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than those of RbCs2C60 has led to the gradual suppression
of Tc and a reversal of its expected dependence on
interfullerene separation (42). In contrast to the ammo-
niated alkali fullerides, no transition is observed to an
insulating state, a fact that can be associated with the
retention of the degeneracy of the t1u orbitals in these cubic
fullerides. On the other hand, the decrease in Tc with
decreasing bandwidth, W (and increasing U=W) may be
rationalized in terms of the charge screening of the
interelectronic repulsions within the t1u conduction band
(the renormalized Coulomb pseudopotential parameter, mn

which appears in the McMillan equation). When
ðU=WÞo2; mn is assumed to be E0:3 for the alkali
fulleride superconductors. However, as the ðU=WÞ ratio
approaches the critical value for the Mott–Hubbard
insulator transition (10), the screening becomes strongly
inefficient and, in this part of the phase diagram, electron
correlation effects (and mn) increase rapidly with increasing
interfullerene separation leading to a different Tc depen-
dence on the lattice constant from that ‘‘universally’’
encountered.

2.3.2.2. ðNH3ÞxNaA2C60 fullerides. Quite puzzling are
also the properties displayed by the series of superconduct-
ing ammoniated fullerides, ðNH3ÞxNaA2C60 ð0:5oxo1;
A ¼ K;RbÞ (43). In these systems, Tc is dramatically lower
than expected from the universal curve and, in addition, it
increases with decreasing ammonia content, x and decreas-
ing lattice constant. Unlike the (NH3ÞK3C60 family, there is
no crystal symmetry reduction and the structure is fcc with
merohedrally disordered C3�

60 units. Also unlike the
AxCs3�xC60 family, the interfullerene separation is not
large enough to lead to sufficient band narrowing for
superconductivity to be suppressed due to strong electron
correlation effects. A possible rationale of the observed
electronic properties may be associated with the geometry
of the Naþ–NH3 pairs which reside in the octahedral
interstices. These are found to be disordered over the
corners of two ‘‘interpenetrating’’ cubes centered at the
octahedral holes with the Naþ ions and the N atoms
statically disordered over the corners of the inner and outer
cube, respectively (Fig. 10) (44). The large off-centering of
the Naþ ion (B2:0 (A) could have detrimental effects on
superconductivity as the C3�

60 units could experience a non-
cubic local potential which should cause the lifting of the
triple degeneracy of the LUMO and suppress the pairing
mechanism. In addition, NH3 loss along the series is
accompanied by an increase of the metal content in the
octahedral site which could reduce the effects of the local
non-cubic crystal field and consequently, the shape of
the conduction band should resemble more that of the
conventional t1u superconductors resulting in higher Tc:
However, recent structural work has provided evidence of
attractive N–D?p interactions between the Na(NH3Þ

þ

and the C3�
60 units (44) that may play a prominent role in

determining the electronic properties of these systems.
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2.4. Alkaline- and Rare-Earth Fullerides

2.4.1. Alkaline-Earth Fullerides

The difficulty in synthesizing phase-pure alkaline earth
fulleride samples made a systematic investigation of their
properties rather challenging. However, due to the divalent
character of these elements, the t1u-derived band is now
full, and occupation of the (LUMO+1) t1g-derived states
occurs, opening the way to different energy scales and
different criteria for the occurrence of superconductivity.
Among the binary alkaline earth fullerides superconduc-
tivity is encountered for different compositions. Calcium
forms a primitive cubic salt with stoichiometry Ca5C60;
which becomes superconducting at 8:4 K (45). On the other
hand, strontium and barium metals form stable composi-
tions AExC60 for x ¼ 3; 4; and 6. AE3C60 (AE= Ba, Sr)
are insulating and adopt the A15 structural type (space
group Pm%3n) (46). It is noteworthy that this structural type
is also adopted by Cs3C60; which is superconducting at
B40 K at elevated pressures, the highest reported Tc for an
electron doped fulleride superconductor (3).

The AE6C60 ðAE ¼ Ba;SrÞ phases have proven more
controversial. Early work established their structures
correctly as bcc (space group Im%3) but proposed they were
superconducting with Tc ¼ 4 K for Sr6C60 and 6:5 K for
Ba6C60 (47). Subsequently, it was unambiguously estab-
lished that both Sr6C60 and Ba6C60 are metallic despite the
formally full t1g-derived band, but not superconducting
(48). The NðeFÞ values of 5.6 and 9.5 states eV�1 (mol
C60Þ

�1 for Ba6C60 and Sr6C60; respectively, increase as the
interfullerene separation decreases, a tendency opposite to
that exhibited by the metallic alkali fullerides. This inverted
trend was rationalized both theoretically (49) and experi-
mentally (48) in terms of a strong hybridization between
the alkaline earth d and s orbitals and C60 pp orbital which
leads to a modified and much broader conduction band.

The bulk superconducting phases in the Ba–C60 and Sr–
C60 systems have been established unambiguously to have
stoichiometries Ba4C60 and Sr4C60 with Tc of 6.7 and
4:4 K; respectively. These adopt a highly anisotropic
orthorhombic structure (space group Immm) revealing a
new structural criterion for the occurrence of super-
conductivity, as the fullerene superconductors identified
so far had been limited to cubic or slightly distorted cubic
structures. Accurate structural determination showed the
existence of very short Ba–C contacts which imply strong
hybridization between the 5d orbitals of Ba and the 2p
orbitals of carbon (12). Such a strong orbital mixing was
confirmed by LDA calculations (50). The occurrence of
superconductivity in non-cubic Ba4C60 is in sharp contrast
with the absence of superconductivity in alkali fullerides,
A4C60 despite the similar (A ¼ K;Rb) or identical (A ¼ Cs)
structures. In A4C60; the electrons are localized, most likely
by the combined effect of electron correlation and
electron–phonon interaction. Since the alkali fullerides
are at the verge of the metal–insulator boundary, because
of the narrow band nature of the t1u-originated conduction
band, distortion from cubic symmetry and deviation from
half filling easily destroy the metallic state and, as a result,
superconductivity. In AE4C60 the metallic state is much
more robust. In fact, NðeFÞ is 6.0 and 2.5 states eV�1 (mol
C60Þ

�1 for Ba4C60 and Sr4C60; respectively, considerably
smaller than those of the t1u-superconductors, K3C60 and
Rb3C60; indicating broader conduction bands for the
AE4C60 systems. The structural and electronic properties
of the alkaline-earth fullerides are dominated by the
hybridization effects, which modify and increase the width
of the conduction band leading to a stabilization of the
metallic state.

The A3Ba3C60 (A ¼ K;Rb;Cs) family is also of parti-
cular interest, as the t1g band is formally half full and the
interfullerene separation can be controlled by the size of
the alkali cation. Bulk superconductivity is observed for
K3Ba3C60 (Tc ¼ 5:6 K) and Rb3Ba3C60 (Tc ¼ 2:0 K), while
Cs3Ba3C60 is not a superconductor down to 0:5 K: NðeF)
decreases with increasing cell size in sharp contrast with the
A3C60 superconductors (51). Structural analysis of body-
centered cubic K3Ba3C60 revealed the existence of short
Ba–C and K–C contacts, implying hybridization between
the K, Ba, and C60 states (52). The orbital mixing strongly
modifies the shape of the conduction band, leading to a
larger bandwidth and a smaller value of NðeF) than those
encountered in other t1u superconductors, despite the
similar band filling. In addition, the observation of local
distortions in the distorted tetrahedral sites may be
responsible for the observed complex relationship between
Tc and cubic lattice parameter.

2.4.2. Rare-Earth Fullerides

Intercalation of C60 with rare-earth metals results in
interesting compounds not only for the appearance of
superconductivity but also for the magnetic properties
related to the localized 4f electrons. Single phase composi-
tions have been reported for stoichiometries RxC60 with
x ¼ 2:75 and 6 (R ¼ Yb;Sm;Eu). Superconductivity is
observed for Yb2:75C60ðTc ¼ 6 KÞ and Sm2:75C60 ðTc ¼
8 KÞ where the metal atoms are divalent and non-magnetic
(53). The Yb or Sm cations occupy off-centered interstitial
sites in the fcc C60 lattice, and leave eight tetrahedral sites
vacant in an orthorhombic unit-cell which is doubled in
each direction. These cation-vacancy sites exhibit long-
range ordering, generating a superstructure which is
stabilized by a short-range interaction between charge-
deficient single bonds in C60 and the divalent cations.

Recent work on the phase diagram of Eu–C60 has led to
the isolation of the highly doped Eu6C60 composition
which is bcc and displays a transition to a ferromagnetic
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state near TC ¼ 14 K (54). The Eu atoms are in the
divalent state with a magnetic moment of 7:1ð3Þ mB ðS ¼ 7

2
Þ

(55) and there is evidence that the magnetic interactions are
not purely of direct exchange nature, but are modulated
through the C60 units. Highly doped Eu9C70 is also a
ferromagnet with a saturation magnetic moment of 7 mB

and a high TC of 40 K (56). The ferromagnetic interaction
in NaCl-type semiconductors of Eu2þ is due to Eu2þ

nearest-neighbor f –f interactions and TC is modulated by
the Eu2þ–Eu2þ distances. In Eu9C70; the shortest Eu–Eu
distance is B3:96 (A. A plot of TC vs nearest-neighbor
distance is shown in Fig. 11 with the TC of Eu9C70 scaling
well and implying an identical magnetic exchange mechan-
ism. For Eu6C60; the shortest Eu–Eu contact is B3:87 (A
but the value of TC is lower than expected from a direct f –f
interaction. As in the bcc Eu6C60 structure, there is
evidence of strong hybridization and orbital mixing
between the metals and C60; the magnetic exchange
interaction between Eu2þ ions is modulated by C60 through
p–f interactions.

3. FULLERENE SUPERCONDUCTIVITY IN FET DEVICES

The most spectacular advances in the study of the
electronic properties of fullerene solids have come from
the results obtained by doping fullerene single crystals
in electronic devices called field-effect transistors (FET). In
essence, a gate electrode is placed on top of an oxide
(Al2O3) layer grown on the surface of a single crystal (e.g.,
C60; C70) to which source and drain electrodes have been
also added. Charge carriers can be injected in the surface
layer (2D doping) of the crystal by applying a voltage to
the gate electrodeFelectrons are injected for a positive
voltage, holes for a negative one. The level of doping can
be tuned by changing the applied voltage and in this way,
the electronic properties can be followed in a continuous
fashion as a function of doping (hole or electron) over a
wide range without the crystallographic changes that may
accompany chemical doping.

The first success of this approach was the demonstration
that electron-doping of pristine C60 can be induced in a
FET device, leading to a Tc of 11 K at a doping level of B3
electrons per molecule, close to half filling of the t1u band
(57). The superconducting region extends between 2.5 and
3.6 electrons per molecule in excellent agreement with what
has been observed before in bulk intercalated fullerides. In
addition, the observed Tc;max is in agreement with the
universal dependence of Tc on interfullerene separation in
A3C60 (Fig. 12). Even more importantly, it has been also
possible to dope the surface of C60 with holes which
because of the high electronegativity of C60 had not been
achieved before by chemical means. Hole-doping of the hu

valence band (Fig. 1) is of interest as Tc is predicted to be
even higher as a result of the increased density-of-states at
the Fermi level, NðeF) (higher orbital degeneracy of the
HOMO) and the increased electron–phonon coupling
strength (calculated to be 1.4 times larger) (58). Indeed
experimentally Tc;max jumps to 52 K at a doping level of
B3:2 holes per C60 with the superconducting region being
wider and extending between 1.5 and 4.5 electrons per C60

(Fig. 13) (59). Interestingly in this case, Tc;max does not
coincide with a formally half-filled hu-derived band.



FIG. 13. Tc (a) and density-of-states (b) as a function of charge per

C60 molecule. Reprinted with permission from Nature, J. H. Schon, C.

Kloc, and B. Batlogg, 408, 549, Copyright 2000 Macmillan Publishers Ltd.
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As discussed extensively earlier, increasing the inter-
fullerene separation drives Tc higher, as NðeF) rapidly
increases. In accordance with this, gate-induced super-
conductivity in hole-doped co-crystals of C60/CHCl3 and
C60/CHBr3 approaches onset values of 83 and 117 K;
respectively, as the interfullerene separation increases from
10:01 (A in pristine C60 to 10:10 and 10:20 (A in C60=CHCl3
and C60=CHBr3; respectively (Fig. 12) (5). The observed
Tc’s are only surpassed by the high-Tc cuprates. Further,
even small, expansion of the interfullerene separation
should allow transition temperatures in excess of 150 K
to be achieved, before the effects of electron correlation
become dominant and a transition to an insulating state
occurs in analogy with the behavior of bulk intercalated
fullerides.

Observation of these spectacularly high-Tc’s in simple
non-metal-containing systems represents a milestone for
the field of superconductivity. They are certainly higher
than anything that was thought possible for phonon-
driven superconductivity. If phonons prove to be impor-
tant here, then phononic mechanisms of superconductivity
should be reconsidered even for the cuprates. It may be
that non-adiabatic effects arising from the comparable
energy scales of the Fermi and phonon energies in these
narrow band metals could be important (60). Alternatively,
electronic mechanisms could be responsible for providing
the high-temperature superconducting pairing (61). In any
case, continuous gate-induced 2D doping of C60 should
allow for a systematic understanding of the electronic
properties of these fascinating materials. In addition, it will
provide comparisons with the electronic behavior of bulk
3D chemically intercalated fullerides.

4. NON-C60 FULLERENES

Till now, attempts to synthesize superconducting salts of
fullerenes other than C60 have been unsuccessful. Higher
fullerenes (C70; C84) have lower molecular symmetry than
C60 resulting in the removal of the triple orbital degeneracy
of the LUMO which should result in lower values of NðeF)
in their metallic salts and lower Tc’s. In addition, the
electron–phonon coupling strength, V is expected to
decrease with decreasing curvature of the fullerene
skeleton, as the sp3 hybridization of the C orbitals will
decrease and the contribution of the radial vibrational
modes to V diminishes (8). This will also suppress Tc:
Finally, their non-spherical shape also favors formation of
crystalline salts with either non-cubic symmetry or with
pronounced static orientational disorder of the fulleride
units and/or positional disorder of the intercalated ions,
factors which enhance the possibility of electron localiza-
tion. Recent experiments on electron-doping of a single
crystal of C70 using an FET device have demonstrated that
there is no intrinsic reason for superconductivity not to
occur in a higher fullerene at the appropriate doping level.
Gate-induced superconductivity was observed at 7 K for
B4 electrons per C70; corresponding to half filling of the
conduction band (62).

This implies that the search for higher Tc in the fullerene
family could be extended to solid phases of smaller
fullerenes, like C28 and C36 which should be characterized
by larger electron–phonon coupling strengths, associated
with their increased curvatures (8, 63). Finally, we note that
superconductivity was reported in 4 (A single wall carbon
nanotubes embedded in a zeolite matrix (64).

5. CONCLUSION

Work on the condensed phases of fullerenes and their
derivatives continues to lead to unexpected results whose
significance extends to other areas of solid-state chemistry
and physics. Unlike in other superconducting materials, the
key ingredients in the mechanism of superconductivity,
namely the electron–phonon coupling strength (an intra-
molecular property) and the density-of-states at the Fermi
level (an intermolecular property) are decoupled. This has
allowed the exploration of a large parameter space in a
systematic manner by structurally modulating NðeF), while
keeping V essentially fixed. At small interfullerene separa-
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tions, metal–C60 interactions become increasingly impor-
tant leading to non-rigid band behavior. At the same time,
C60–C60 bond formation also competes with the monomer
phases, leading to a variety of low-dimensional architec-
tures with interesting electronic properties. At large
fullerene spacings, the highly correlated narrow-band
character of the metallic phases leads to rich physical
behavior and the competition with magnetic insulating
phases, in analogy with other classes of superconducting
materials. Finally, the development of the FET channel of
electron- and hole-doping technique has led to unprece-
dented high Tc in these organic superconductors, prompt-
ing a broad reconsideration of mechanisms which can
provide high-temperature superconducting pairing.
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