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Abstract. We discuss the effect of strong electron-vibron interaction and static or
dynamic

Jahn-Teller distortion
on

the electromc properties of the AnC60 family, where A is alkali metal

and 0 <
n < 6. Repulsive electron-electron correlations

are
expected for

even n, but attractive

ones for odd
n.

Such
a

model
seems

able to make compatible weak electron correlations for

n =
3, fairly strong correlations for

n =
1 and an insulating behavior for

n =
2 or 4.

An important due for understanding the electronic properties of the Alkali Fulleride fam-

ily is the answer to the following question how large are the electron-electron correlations

compared to the one-electron energy bandwidth II~? The C60 molecule forms, with the alkali

metal series, salts with chemical formula AnC60 where A is an alkali metal and n an integer
(0 < n < 6). In icosahedral synimetry, the LUMO of the C60 molecule is a three-fold degen-

erate tiu orbital, giving rise, in the crystal, to a narrow baud of about o-à-o-à eV. If there

is a general agreement about this order of magnitude for W, the value of the intraniolecular

electron-electron repulsion (U in the Hubbard model) is rather controversial. The experimen-
tal estimations are indirect and range from more than eV (from photoemission) iii to values

much smaller than the bandwidth (from analysis of Fermi hquid properties). This question is

conceptually important since the relevant theoretical description of the Alkali fullerides could

be either a weakly correlated Fermi hquid or a strongly correlated one, or even a (possibly
doped) Mott insulator, depending on the strength of the ratio Uliv.

As far as we know, there is no reliable ab mitio calculation of U, taking into accourt many-

electron eflects. The effective value of U is certainly smaller than the bare carbon atom on-site

electron-electron Coulomb repulsion, typically a few eV's. It is certainly strongly reduced by
electronic screening and by the delocalization of the electron wave function over the 60 atoms.

However, given the order of magnitude of W, it seems diflicult to beheve, at first sight, that U

cari be much smaller than the bandwith iv. It is, therefore, important to discuss the possible
eflects of electron correlations on the electronic properties.

(*) Author for correspondence je-mail: victorof%Ips.u-psud.fr)
(**) URA 2 CNRS
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The first indication of strong correlations is the failure of the rigid band model in the An Côo

family when n varies from 0 to 6. The three-fold degenerate tiu LUMO can accommodate the

electrons transfered from the cations. In the cases n =
0 and n =

6, one expects an insulating

behaviour in any model, for vanishing as well as strong correlations. Except in these two cases,

for any other value of n (0 < n < 6), in a rigid band model, the partial filling of the band would

confer a metallic behaviour and provide the possibility of
a

superconducting state. This is in

obvious contradiction with the experimental data: up to now, the superconductivity seems

restricted to the immediate vicinity of n =
3; more importantly, several counter-examples of

semiconducting compounds, such as Na2C60, K4C60 or Rb4C60 Prove the failure of the non

interacting picture [2].

For that reason, many authors have discussed the superconductivity in A3C60 in the context

of large Coulomb correlations, similarly to the case of cuprates. Exotic mechanisms have

been proposed to interpret the relatively high superconducting critical temperatures (up to

T~
=

40 K in Cs3C60). For example, a positive electron-electron binding energy, due to an

over screening eflect at large values of the intermolecular Coulomb energy has been suggested

on the basis of a second order perturbation calculation [3]. However, this attractive eflect

is now recognized as an artifact of the perturbation calculation [4]. Theoretical models of

superconducting doped Mott insulators, as proposed in the cuprate oxides, are at variance with

the data. They would imply no superconductivity at exactly
n =

3, since Mott localization and

a fixed number of electrons on each site are incompatible with superconducting phase coherence.

In such models, one would expect a superconducting critical temperature T~ vanishing at n =
3

and increasing on both sides of this integer value as n is vaned. On the contrary, experiments

show that the Tc strongly decreases when one departs from
n =

3 [5]. Moreover, the properties
of the normal phase of A3C60 seem compatible with a weakly correlated Fermi hquid picture.

Furthermore, the eflect of Coulomb repulsion in a correlated Fermi liquid on the BCS transition

temperature T~ has been studied as a
function of Uliv, where W is the electron bandwidth.

The results of this calculation are as follows: at small values of U/W, T~ is an increasing
function of the density of states at the Fermi level and, therefore, of U/W at constant U, as

expected in a weakly interacting picture but at larger U/W, the Coulomb repulsion has a

dramatic eflect
on T~, which strongly decreases with U/II~, at variance with the data [6]. The

experimental fact that Tc is a monotonous increasing function of the cubic lattice parameter,

up to the highest observed value in Cs3C60, restricts the possible range for LT/lI~ to a fairly
weak value, certainly smaller than half the bandwidth, that is to say about 0.25 eV. However,

it is not obvious to explain how the effective intramolecular electron-electron repulsion can

be so small, even if electron delocalization on the large C60 molecule as well as the core and

conduction electron screening are taken into account.

The case n =
1 also deserves attention. The properties of RbiC6o, for example, exhibit

interesting features. It forms, at temperature lower than 300 K, a polymeric phase with a

pseudo-body-centered-orthorhombic lattice [7, 8]. RPE I?i and NMR data seem to indicate

a strongly correlated Fermi liquid behaviour. For example, the magnetic susceptibility is

strongly decreased under pressure, by a factor of 30% under 6 kbar Ii.
e.

about 5 times more

than in the
n =

3 compound) [9]. This can be understood only if trie ambient pressure
susceptibility is strongly enhanced by correlations. A magnetic transition is observed below

SD K. Weil above the transition temperature, NMR data reveal large fluctuations [loi, rapidly
disappeanng under pressure [9]. The quasi-one-dimensional nature of this transition, as well as

of these fluctuations lin relation with the crystal structure) is still controversial [7,10, iii In

any case, electron correlations in this phase seem quite strong, much stronger than in A3C60.

The compounds n =
2 or 4, such as Na2C60 or Rb4C60 are insulating at ambient pressure. A

pressure induced insulator-metal transition is observed at a critical pressure of a few kilobars.
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Fig. 1. Splitting of trie tiu triplet by Jahn-Teller distortions of trie C60 molecule with opposite
phases.

Although one cannot exdude a one electron eflect to interpret such an insulating behaviour at

ambient pressure, these data are indicative of strong correlations, of the order of the electron

bandwidth in these even n compounds.

The eflects of electron correlations seem, at first sight surprising and contradictory. While

the bandwidths do not seem to vary appreciably with_
n in

the AnC60, and keep the same

order of magnitude (0.5-0.6 eV), correlations seem weak for n =
3, strong but preserving

a Fermi liquid character for
n =

1, and even larger than the bandwidth for n =
2 or 4.

Usually, electron-electron correlations are interpreted as an eflect of Coulomb repulsion. At

first sight, it seems diflicult to understand how the Coulomb repulsion between two electrons

on the same molecule can vary on a large scale as a function of n, even though one can admit

that screening eflects may reduce U in a diflerent manner, to a certain extent. We propose

here, to interpret the data, that another source of electron correlation, due to strong coupling
of electrons with intramolecular modes of vibration of the C60 molecule should be included.

It is generally accepted that superconductivity in A3C60 is mediated by a strong electron-

phonon interaction. It seems hkely that the phonon modes involved in superconductivity
imply intramolecular vibrations of the C60 molecule [3].

The three-fold degeneracy of the tiu orbitals is lifted by any quadrupolar deformation that

makes the Cartesian axes inequivalent. The relevant modes are those having the Hg symmetry.
These eight rive-fold degenerate modes can give rise to a static or dynamic Jahn-Teller eflect

on the three-fold tiu state. This degeneracy lifting can induce strong electron correlations. Let

us consider the molecular hmit- We consider two molecules occupied by 2n electrons in the

limit of zero intermolecular transfer integral between neighbonng molecules t~- This Jahn-

Teller problem of a three-fold degenerate electronic state interacting with a rive-fold degenerate
vibration mode has been solved already [12]. A further decrease of the ground state energy of

the molecule might be obtained by a bimodale distorsion lifting the degeneracy of the lowest

doublet. We have not considered here this possibility-

The triplet sphts according to Figure la for one phase of the vibration and to Figure 16 for

the opposite phase. Then, we calculate the energy E(ii) of a molecule occupied by n electrons

in trie limit of vanishing t~ Trie energy of a pair of neighbonng molecules depends on trie way

trie 2n electrons occupy trie molecular levels- The Jahn-Teller distortion induces a correlation
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energy UjT which we can define in trie following way [13]:

UjT
"

E(n + 1) + E(n 1) 2E(n).

Figure 2, where C is trie elastic stifIness constant, gives trie variation of UjT as a function

of n. UjT bas not a constant sign over trie range 0 < n < 6. It is positive for even values of

n =
2, 4 and negative for odd values n =

1, 3, 5-

Positive values of Un imply a tendency of localizing an equal number of n electrons on each

molecule. In that case, UjT and Uc the intramolecular Coulomb repulsion between electrons

add their eflects to localize the electrons- These localization terms compete with the energy

band term, which favors an itinerant state. A sort of Mott-Hubbard metal-insulator transition

occurs when Ue~
=

UjT + Uc exceeds a critical value, which can be estimated in the Gutzwiller

approximation [14]:
(Ue~)c

"
°(E(k))

where the brackets (...) mean averaging over the independent electron energy band, e(k) is

the one electron dispersion law, Fourier transform of t>j and
a is a numerical constant of

order unity. It has been argued recently [15], to interpret new expenmental data of NMR

under pressure in Rb4C60, that the semiconducting character presented by this compound is

indeed due to a Jahn-Teller distortion- When a pressure is applied to Rb4C60 the electron

bandwidth increases. A transition to a
metallic state, exhibiting a Kornnga law, occurs above

a critical pressure of a
few kbars [15]- Rb4C60 seems a favorable case to such a situation for

two reasons: 1) n =
4 corresponds to the largest positive value of UjTi ii) the less effective

screening of Coulomb interaction, due to a lower electron density, increases Uc, compared to

the case n =
3- However, on the other hand, the body-centered tetragonal structure probably

leads to larger intermolecular overlaps than the fcc structure of A3C60, which should therefore

contribute to increase LTe~.

An important feature of Figure 2 is the negative values of LTjT at odd values of n, the most

negative one occurnng at n =
3. Such negative values indicate a tendency to superconducting

pairing. In the molecular limit UjT > (j, a local pair would form on a given molecule, the

doublet state being occupied by 4 electrons, while the neighboring molecules would be occupied
by 2 electrons. A static Jahn-Teller distortion would occur on each molecule, with a

diflerence

of phase of
ir

between neighboring molecules. However, it seems plausible that tire correct limit

is rather UjT < t~j. In that case, the electron tunnels to a neighboring molecule before the

local pair has time to be formed. The molecular hmit is not the relevant one. The Hubbard

Hamiltonian discussed above must be written and studied in the reciprocal space, with an

effective intramolecular electron-electron interaction Ue~
=

UjT + LTC

The fact that UjT is negative for odd values of
n implies superconducting correlations for

n =

1, 3, 5- It seems that no static Jahn-Teller distortion have been observed experimentally in the

ground state. It is more likely that the LTjT term in the Jahn-Teller-Hubbard Hamiltonian is too

small to induce a static distortion, but that dynamic Jahn-Teller eflect induce superconducting
correlations for odd values of

n. It has been found expenmentally that the superconducting
transition temperature Tc in

Ancôo is strongly peaked at n =
3 [5]. It reaches 33 K in

Cs2RbC60, which corresponds to the highest lattice parameter of the Alkali Fulleride family
and therefore to the largest density of states- The maximum at n =

3 is not easily understood

in an usual BCS theory, since band structure calculations do not predict a maximum of the

density of states at n =
3- Our model provides a natural interpretation of the data since we

propose that the effective repulsion potential ~* appeanng in the BCS-Eliashberg expression
for Tc increases linearl» with jn 3j on both sides of n =

3. We therefore expect that Tc(n)
decreases exponentially on both sides of its maximuni
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Fig. 2. Correlation energy induced by the Jahn-Teller distortion as a
function of the number of

electrons in the un bond.

The experimental data suggest that Ue~ almost vanishes for n =
3 as a result of a cancellation

between a positive value of Uc, of the order of o-à eV and a negative value of UjT (+~ -0.5 eV).

This is not incompatible, nevertheless, with a fairly strong correlation in RbiC6o, with LÎe~
r~

+0.2 eV. Since UjT is definitely less negative for n =
1 than for n =

3, we are left with

a non vanishing positive LÎe~ for n =
1, the order of magnitude of which cannot be very

diflerent from a few tenths of eV. Then, even though the case n =
3 corresponds to a limit of

weak correlations, n =
1 might correspond to a limit of strong correlations, since the relevant

dimensionless parameter is
Ue~N(EF). This picture might be able to interpret the observed

properties of this compound. Our discussion is based on the LDA calculation of the band

structure given by Erwin et ai. [8] :
the three-fold LUMO of C60 is splitted by the orthorhombic

distortion- This gives use to three weakly overlapping energy bands. The lowest one is quite

three-dimensional, as pointed out by Er~v.in et ai., and nearly half-filled, with a bandwidth of

o-à eV- The second one is rather low-dimensional and anisotropic and only weakly filled. In that

case, below 300 K but well above a magnetic ordenng temperature, the electrons would behave

as a strongly correlated hquid, with strong magnetic fluctuations. However this band should

play an important rote, because the Fermi level corresponds to a density of states singulanty.

The associated peak in the density of states N(EF) is enough to induce a nearly ferromagnetic

character to the normal phase up to relatively high temperature, with Ue~N(EF)
* 1 even for

moderate values of Ue~- However, at lower temperature, the low-dimensional character of the

second band induces a maximum of ~(q) at finite q, due to a Fermi surface geometry eflect- One

should, therefore, obtain a crossover to antiferromagnetic fluctuations and eventually a three-

dimensional antiferromagnetic ordenng- These eflects should by strongly pressure dependent

and could account for the large relaxation rates observed in RbiC6o by NMR expenments.
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