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Abstract: Superconductivy in A3Cgo alkali metal fullerides occurs at
moderately high temperatures, with critical temperatures 7, higher than 30 K.
The high symmetry of Cgp and the molecular character of the solid simpli-
fies the description of its electronic and vibrational structure. However, these
attributes introduce two characteristic energy scales in the description of the
electronic and vibrational structure: one for intra-molecular processes and an-
other for inter-molecular processes. The inter-molecular electronic energies are
of the same order of magnitude as the intra-molecular vibrations and as the
effective electron—electron interactions. This leads to a situation where the
on-Fermi-sphere approximation is not valid, the Migdal theorem may not be
applicable, and the superconductivity occurs near a metal-insulator transition.
This situation for a system that has a simple underlying electronic structure
makes it very interesting to study superconductivity at the limits of validity of
the usual theories.

1. INTRODUCTION

From its first observation in molecular beams [1] to its synthesis in macro-
scopic quantities [2], Cgp remained a chemical curiosity, the molecule made of
a single element supposed to have the highest symmetry, with all sixty carbon
atoms occupying equivalent positions. Soon after its synthesis the icosahedral
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symmetry and soccer-ball shape was confirmed. There was a huge interest in
the new form of crystalline carbon, leading to the measurement of its main
properties and the discovery of superconductivity at moderately high temper-
atures (higher than in any inter-metallic) in the A3Cgg alkali fullerides [3].

An excellent comprehensive review of the properties of Cgg and its com-
pounds has been recently published [4]. We will present here a few points
that are related to the moderately high values of the superconducting tran-
sition temperature 7, and make the system very interesting for the study of
superconductivity in real materials: the occurrence of superconductivity in a
correlated material that may be close to the metal-insulator transition, the
question of the validity of the Migdal theorem, and the possibility of studying
the electron-phonon interaction in detail.

The key feature of solid Cgg and A3Cgq is its molecular character which
introduces two energy (length and time) scales in the system, for both electron
and phonons, one, larger, for intra-molecular processes and another, smaller,
for inter-molecular effects. We will discuss briefly how the presence of two
energy scales raises interesting questions about the fundamental properties of
the superconductivity in alkali fullerides.

2. ELECTRONS IN THE NORMAL STATE

The simplest description of the one-electron states of Cgp and A3Cgp takes
into account the molecular character of Cgg, the ionic character of the alkali-Cgg
bond, and the hybridization of C atoms within the molecule. Being three fold
coordinated, the C atoms in Cgp have a sp? hybridization like in graphite, with
three sp hybrids directed towards the neighbouring atoms. As the three bonds
are not co-planar the fourth orbital which is in the radial direction has some sp
hybridization, in contrast to graphite where it has pure p character. The three
hybrid orbitals pointing to the C—C bonds form strong ¢ and ¢* (bonding and
anti-bonding) molecular orbitals. The occupied o orbitals span an energy range
of 16 eV and are separated by 9 eV from the empty o* orbitals. The radial
atomic orbital forms w-like molecular orbitals which are half occupied, with
7 eV separating the first orbital from the highest occupied molecular orbital
(HOMO) which has h,, symmetry and is five-fold degenerate. The symmetry of
the lowest unoccupied molecular orbital (LUMO) is ¢, (three-fold degenerate)
and is 1.9 eV higher than the HOMO. In the solid, each Cgp molecular orbital
interacts with the molecular orbitals of neighbouring molecules forming narrow
molecular bands. The width of the band derived from the LUMO, which is
occupied by the valence electrons of the alkali intercalants is W = 0.4 eV [5].
The energy spanned by the occupied molecular orbitals gives the energy scale of
the intra-molecular interactions, several eV, while the width of the mini-bands
of the solid, a few tenths of an eV, gives the much smaller electronic energy
scale of the inter-molecular processes. In the A3Cgo alkali fullerides the valence
electrons of the alkali atoms are transferred to the LUMO derived band which
becomes half occupied [5].
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For the isolated molecule, the ionization potential is 7.6 €V, the electron
affinity is 2.65 eV and the second ionization potential of Cg, is 4.4 eV [6]. This
allows an estimation of the correlation parameter for the isolated molecule of
Unm =~ 3.2 eV, corresponding to the shift of the HOMO level (of the neutral
molecule) upon addition of one electron. Notice that this effect is mainly due
to charging energies and not to subtle electronic correlations at the molecular
or even atomic level. In fact calculations using the local-density-approximation
of the density functional formalism which includes only a mean-field correlation
give a value of 7.74 eV for the ionization potential and 2.78 eV for the electronic
affinity (5] in excellent agreement with experiment. A classical metallic sphere
with the radius of Cgp (3.5 A) has a difference between ionization potential and
electronic affinity of ~4.1 eV, consistent with the hypothesis that the value of
Un is due to charging effects. In solid Cgo the difference between the threshold
for photoemission and inverse photoemission compared to the lowest excitation
energies indicates a reduction of the correlation parameter to Us; ~ 1.5 eV,
consistent with a molecule in a polarizable environment [4b]. At a first glance
the ratio of conduction band width to correlation parameter W/Uj is small and
the alkali fullerides should be Mott insulators. However one has to take into
account the attraction between electron and holes in neighbouring molecules.
Assuming spherical charge distributions and neglecting screening the classical
electrostatic energy of two spheres with unit charge and separated by 10 A
is J = —1.4 €V, indicating a possible strong renormalization of U, to yield
a smaller effective U required to explain the metallic character of the alkali
fullerides.

Some of the alkali fullerides are metals and some insulators. A3Cgo are
metals (with the exception of Cs3Cgp) and all A4Cgo are insulators. They
should be close to the metal-insulator transition and in fact Cs3Cgg becomes
metallic with applied pressure [7]. The high values of the measured resistivi-
ties in alkali fullerides (8] also indicate that they should be close to a metal-
insulator transition. One interesting aspect of the strong correlation in the
alkali fullerides is that considering the molecular solid as a three-dimensional
assembly of zero dimensional structures, one could consider these crystals to
be the true nanoscale limit of the Coulomb blockade problem [4a].

3. PHONONS

Phonons in A3Cgo can be of four types [4]: i) Vibrations of the molecules
against each other (inter-molecular vibrations) with frequencies ranging from
fuww = 0 to 6 meV; 47) Librational modes with frequencies of iw = 1.2 to 2.5 meV
in Cgo and around 6 meV in A3Cgo; ii1) Vibration of the alkali atoms against
the Cgo molecules which depend on the alkali mass but have energies of the
order of 10 meV; 7v) Vibrations of the Cgg molecule (intra-molecular vibrations)
which have energies extending from Aw = 30 to 200 meV.

While the low frequency inter-molecular vibrations have a strong disper-
sion with wave-vector, the high frequency intra-molecular vibrations have a
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small dispersion. Once again we find two energy scales: several meV for
inter-molecular phonons and tens or hundreds of meV for the intra-molecular
phonons.

4. PHONON-MEDIATED SUPERCONDUCTIVITY

Although it has not yet been firmly established that the superconductivity
in alkali fullerides is due to the electron-phonon interaction, there is not yet
any compelling evidence that one should search for other coupling mechanisms.
The moderately high transition temperatures 7, can be explained by the high
phonon frequencies of carbon based materials.

A popular expression for T, has been given by McMillan,

_ ©p —1.04(1 + /\)
Te= 1.45“1’(,\ - 0.62)44*)’ (1)

where ©p is the Debye temperature, A is a parameter that describes the
strength of the electron phonon interaction, and p* is the repulsive Coulomb
interaction parameter [9]. We will use it for a general discussion of the depen-
dence of T, on phenomenological parameters in the alkali fullerides. First of all
one notices that T is proportional to the Debye temperature. With the phonon
spectrum of Cgg molecules extending up to 0.2 eV (2200 K) the Debye tem-
perature of the fullerides is much higher than for transition or simple metals,
and therefore it should not be too surprising that the transition temperatures
for the alkali fullerides may be higher than for the inter-metallic compounds.
Second one notices that 7, depends exponentially on the two parameters A and
p* and therefore it is extremely sensitive to small errors in their estimation.
The right order of magnitude of 7, is all one can expect at present from theo-
retical estimates of those two parameters. One can look at Eq. 1 from another
perspective: given T, and ©p derive a constraint on the values A and p*. For
A3Cgp one finds that the required strength for the electron phonon interaction
is A ~ 0.4 to 1.0 (depending on the value of p*), which is not very strong,
considering that A = 0.43 for Al and A = 1.55 for Pb.

For most transition metals it turns out that u* ~ 0.1. As discussed later
this may not be the case for the alkali fullerides. The parameter A takes into
account the scattering of an electron in band m and with wave-vector k into
the band m’ and wave-vector k’ by a phonon of branch v and wave-vector q

1
A=2N(e) ) o <| g(mk,m'k, qu) |*>, (2)
qv v

where wq, is the phonon frequency, < . > denotes an average over all electron
states available for scattering, and N(e) is an electronic density of states. The
coupling function between electrons and phonons is

h

m6q+k—k',G6(€mk — €m'k’ + Fwgy ) I (mk, m'k’, qv),

(3)

g(mk,m'k’,qv) = —
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where M is the nuclear mass, €,k the electron energy, G a reciprocal lattice
vector, and

I(mk, m'K’, qv) = / ¥ (Deqw - VRoveo(r, ROmsc (@), ()

is the matrix element with a pair of electron wave-functions 1 of the gradient of
the self-consistent potential with respect to the position R of one of the atoms
multiplied by the phonon polarization eq,. Equations 3 and 4 are written for
a single atom per unit cell to simplify the already heavy notation, for the full
expressions there are several good reviews of superconductivity in real materials
[9]. The key property of A is that it is proportional to a density of states and to
a complicated average of matrix elements between two electron wave-functions
and the potential disturbance due to the motion of a single atom.

5. THE ON-FERMI-SPHERE APPROXIMATION

Density of States

Electron Energy

Figure 1. The figure shows a typical electronic density of states (solid line)
calculated for an ordered model of an alkali fulleride and for the band derived
from the molecular LUMO orbital. The position of the Fermi level is indicated
by the vertical solid line. The arrow indicates a possible electron-hole excitation
by an intra-molecular phonon which has an energy comparable to the band
width. The dashed lines show two hypothetical extreme cases for the density
of states where a low electronic density of states at the Fermi level is associated
with a large number of states available for scattering and a large density of
states at the Fermi level is associated with no electron states available for
scattering by that phonon.

In the theory of phonon mediated superconductivity one considers exci-
tations of electrons between occupied and empty states with transfer of the
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phonon energy Awpn and phonon crystal-momentum fgpn. Electron properties
are then supposed to change on an energy scale much larger than hwp, and
therefore the average in Eq. 2 over the pairs of occupied and empty states
can be approximated by an integral over pairs of wave-functions on the Fermi
surface and the density of states is taken at the Fermi energy N(er).

As Fig. 1 illustrates, the highest intra-molecular phonons in alkali fullerides
have energies quite similar to the mini-band derived from the molecular ¢y,
states. The precise value of N(EF) is not relevant but one has to calculate a
suitable “average value” [10]. Fig. 1 shows two hypothetical situations where a
high value of N(EF) is associated with a small number of states available for
scattering and another where a low value of N(EF) is associated with a large
number of pairs of states available for intra-molecular phonon scattering, to
stress the fact that the relevant quantity is not N(Er) in the case of the alkali
fullerides.

In most A3Cgo superconductors there is an orientational disorder and the
electronic mean free path is small. This will wash out most structures of the
density of states and therefore the number of electron states in the band divided
by band-width is a reasonable measure of the effective density of states in the
absence of a careful calculation.

6. VALIDITY OF THE MIGDAL “THEOREM”

Traditional estimates of the electron-phonon strength (Eq. 2-4) are based
on the neglect of vertex corrections to the electron-phonon scattering, the so
called Migdal theorem. Migdal’s argument is based on the smallness of the
ratio of phonon to electron energy scales, fiwpn/Er, which is valid for most
metals, but which is questionable for alkali fullerides if one uses the inter-
molecular energy scale for electrons and the intra-molecular energy scale for
phonons [10,11]. The classical picture for the Migdal argument (with all the
pitfalls of a classic picture of a quantum effect) is that since electrons travel
much faster than phonons, a phonon emitted at site and time (z;,¢;) has a
small probability of catching the electron and being absorbed at (z3,t3) after
another phonon has been absorbed or emitted at (z2,t2) (see Fig. 2). In the
A3Cgp alkali fullerides, if one uses the inter-molecular energy scale for electrons
and the intra-molecular energy scale for phonons one reaches the conclusion
that vertex corrections should be important and the Migdal theorem is not
valid. If one looks at the left diagram in Fig. 2 and one imagines electrons and
phonons propagating at comparable velocities one sees that a phonon catching
up with an electron is reasonable, while if the electron propagates much faster,
it is an unlikely event.

In the A3Cgo alkali fullerides the intra-molecular velocity of electrons
if much faster than the intra-molecular velocity of phonons and the inter-
molecular propagation of electrons if again much faster than the inter-molecular
velocity of phonons. Therefore one has to develop a model with both energy






