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Abstract. The recent discovery of superconductivity with T, = 52 K in hole doped Cq, classifies
the fullerene compounds among the highest-T, materials. Although there are strong evidences of
a phonon based pairing in fullerenes, these anomalously high vaues of the critical temperature
appear well beyond the electron-phonon upper limit of generally assumed to be 25-30 K. In
addition, Cs compounds are characterized by a small Fermi energy and a sensible degree of
electronic correlation, al elements that usualy disfavour the superconductivity onset. These
considerations point towards a more exotic phonon-based superconductive pairing than the
conventional BCS or Migdal-Eliashberg theory. We discuss this framework in the context of the
nonadiabatic metal picture, where electron energies are comparable with phonon frequencies. In
fullerene compounds high phonon frequencies range up to = 2000 K whereas the Fermi energy is
as small as 0.25 eV. As a conseguence, we show that the electron dynamics stringly interferes
with the lattice one leading to the breakdown of the Born-Oppenheimer principle and opening
new nonadiabatic channels of interaction. Such interferences can disfavour or favour
superconductivity, this latter case being realized in strongly correlated materials as fullerenes.
Critical temperatures as large as 52 K, al together with other characteristic features, are
naturally explained in the context of the nonadiabatic metal model.

The recent discovery of superconductivity in FET hole doped Cgo With T, = 52 K[1]
has attracted renewed interest on superconductivity in fullerenes. A critica
temperature as high as 52 K in these compounds is a quite puzzling feature. On one
hand it exceeds the upper limit T, = 25-30 K considered as the maximum critical
temperature achievable within the conventional Migdal-Eliashberg (ME) theory[2].
On the other hand such a high T isin contrast with the extreme low density of carriers
in these materials. Indeed, in the conventional framework alow carrier density implies
small density of states and consequently low critical temperatures. The relevance of
the low density of charge carriers in yielding high T.'s has been pointed out by the
Uemuras plot[3] which shows that high-T. materials, and in genera all the "exotic"
superconductors, are al characterized by having small densities of carriers. This
observation suggests that new physicsisinduced in materials with few carriers.

However, notwithstanding the indications of an unconventional phenomenology,
superconductivity in Cg-compounds is often described within the standard BCS of
Migdal-Eliashberg (ME) framework. In that context, basic ingredients are large
phonon frequencies wy, = 2000 K and a large e ectron-phonon coupling A = 1, which
should compensate the strong residual Coulomb repulsion i = 0.4[4]. Thefinite value
of the isotope effect a = 0.21[5] points also out a phonon based pairing, athough its
smallness suggests the presence of a significant 4. High critical temperatures

CP591, Electronic Properties of Molecular Nanostructures, edited by H. Kuzmany et al.
0 2001 A merican Institute of Physics, 0-7354-0033-4/01/$18.00

92



mph/EF
0.8
.
[
B ALy
B ®
. :. ’o
s
0.4 o
oz
0.2 35
ll\IbESn a.£
| ! ] | L
0.0 —> A

1
KC, Al Sn Nb  PbHg

FIGURE 1. Phase diagram of conventional superconductors compared with the fullerene compounds
in the space formed by the electron-phonon coupling A and the adiabatic parameter c/Er. Datafor the
AsCqo family where taken from LDA, tight-binding, and ab initio calculations (Refs. [6-12]) by using
standard values for the density of states N(Er) = 8 states/ €V Cq and for the Fermi energy Er = 0.25
ev.

are thus explained in terms of an extreme solution of ME theory, which appears quite
unredlistic. In addition, as we are going to show, this standard scenario is intrinsically
inconsistent with respect to the adiabatic problem, and a nonadiabatic approach is
needed to properly describe superconductivity in fullerides.

A fundamenta element characterizing fullerene compounds is indeed disregarded
in the ME framework, namely the electron energy scale, parametrized by the Fermi
energy Er. Fermi energy, in both electron and hole doped materials, is typicaly of
order 0.25 eV, comparable therefore with the highest phonon frequencies. In this
situation, one of the basic assumptions of the conventional description of metals,
namely the adiabatic Born-Oppenheimer principle, breaks down and the strong
interplay between electron and lattice dynamics needs to be taken into account. Many
features of the standard phenomenology of metals are thus deeply modified and the
concept of nonadiabatic metal appears more useful to describe superconducting and
normal state properties in nonadiabatic regime.

The degree of the failure of the adiabatic assumption can be parametrized by the
adiabatic ratio cpn/Er which in Cgy based materials can be, as evident from the above
discussion, as high as ap/Er = 0.4-0.8. The necessity of a novel nonadiabatic theory
appears thus compelling, as shown by Fig. 1 where we have plotted the "adiabatic"
phase diagram of conventional superconductors, including the graphite intercalated
compound KCg, and of the fullerene. All the conventiona superconductors lie on the
A-axis, defined by zero adiabatic ratio. In contrast to that, fullerenes live in a totally
different region of the phase diagram, characterized by large nonadiabatic effects. The
figure also suggests a new route to search high-T. superconductivity in new materials.
Indeed in 60s and 70s experimental search for high critica temperature
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superconductors moved mainly along the A-axis, with the aim to look for stronger and
stronger couplings. As discussed above, this search was intrinsically limited by the
validity itself of the ME framework, as confirmed by the highest critical temperature
T. = 23 K achieved along this line in NbzGe thin filmg[13]. The large values of T; 'sin
Ceo materials instead appear directly related to nonadiabatic effects, considering even
the moderate value of A in fullerenes compared with the larger A’s of the conventional
strong coupling superconductors. In particular, from Fig. 1 the adiabatic parameter
wh/Er results to be the driving ingredient of large critical temperatures in Cgo
compounds and search for high-T. materials is suggested to move along the vertical
axisof Fig. 1.

In order to understand on a microscopic ground in which way nonadiabatic effects
can induce high critica temperatures, a more detailed analysis is needed. In this
perspective in the past years we have constructed the theory of nonadiabatic
superconductivity by explicitly including vertex and other diagrammatic terms arising
in nonadiabatic regime[14-16]. A primary roleis played by the vertex diagrams, which
have been shown to highly depend on the exchanged phonon momentum and
frequency, respectively g and w. The momentum and frequency structure of the vertex
diagrams is quite complex and it is hard in principle to determine in which way these
nonadiabatic terms affect the superconducting properties, in particular if they favour
or disfavour the superconductivity onset. In this regards the microscopic
characteristics of the real materials are important. In particular the strong degree of
electronic correlation in fullerenes has been shown to have an important and positive
effect in nonadiabatic regime by favouring small q scattering[17] where vertex
corrections mainly enhance the superconducting pairing. In this context the eectron-
phonon coupling A does not characterize anymore the strength of superconducting
pairing whereas it is the opening of new nonadiabatic channels of pairing which
appears the driving element of large critical temperatures. In the smplest words, this
means that a moderate coupling A, which in the context of the conventional adiabatic
ME theory is expected to yield no or low temperature superconductivity, can actually
account for large Tgs in the new framework of nonadiabatic theory of
superconductivity.

To illustrate this point, the concrete example of RbsCgo can be useful since for this
compound best experimental data are available. Recent measurements have indeed
determined with the highest degree of accuracy the carbon isotope coefficient a =
0.21[5], which, together with the large critical temperature T, = 30 K, has been argued
to be compatible with a ME scenario[5]. However, a more accurate anaysis disproves
this conclusion[18]. In Fig. 2 (left panel) we show a numerical solution of the ME
equations with an Einstein phonon wy reproducing the experimental data of RbzCeo,
namely T = 30 K and a = 0.21. As we can see, in order to account for these
experimental data with a phonon spectrum limited by the physically relevant phonon
frequencies 300 K < ay < 2000 K we need a unredistically large eectron-phonon
coupling A = 1 - 4. This extremely large value of A is aready an indication of the
failure of the conventional ME theory in describing superconductivity in fullerenes.
Moreover one can test the intrinsic consistency of the ME solution by estimating the
size P of the nonadiabatic vertex corrections through the relation: P = Aay/Er. The
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FIGURE 2. Left panel: electron-phonon coupling A, phonon frequency a, and unscreened (screened)
Coulomb repulsion (1) reproducing T, = 30 K and a = 0.21 in the adiabatic ME theory. Right panel:
the same parameters evaluated in the nonadiabatic theory of superconductivity.

Size of the vertex corrections corresponding to the ME solution in the left panel of Fig.
2 is shown to be always not negligible P > 0.4[18], pointing out the intrinsic
inconsistency of the standard ME theory with respect to the adiabatic problem. This
results does not depend on the particularly simple Einstein spectrum. Indeed, detailed
calculations with different and realistic shapes of the electron-phonon coupling agree,
even quantitatively, with the present analysig19]. A nonadiabatic approach is thus
needed. As we are going to show, the analysis of the same experimental data within
the nonadiabatic theory provides a much more redistic description of the
superconductivity in RbsCeo.

In the right panel of Fig. 2 we plot the microscopic parameters A, ay, y and p*
obtained within the nonadiabatic theory of superconductivity. For the relevant values
of phonon frequencies the resulting electron-phonon coupling lies in a much more
physical range 0.4 < A < 1, in good agreement with the numerical evaluations of A
depicted in Fig. 1. In the context of the nonadiabatic superconductivity, high critical
temperatures arise thus from conventional values of A embedded in a new theory,
more than from extremely large values of A in a conventional theory[18]. The opening
of new channels of interaction play therefore a crucia role in modifying the
superconducting properties of nonadiabatic metals and in particular of fullerene
compounds.

The nonadiabatic framework provides a'so a new scenario wherein unconventional
features of both the superconducting and normal states acquire a natural explanation.
For instance, a sensible suppression of the T, upon induced disorder and nonmagnetic
impurities is predicted in nonadiabatic regime[20], in agreement with experimental
data[21]. A finite isotope effect is also predicted to appear on quantities which in
conventional ME theory are not expected to have it, as the effective electron mass
m*[22] and the Pauli spin susceptibility x{23]. The actual observation of it, by specific
heat or magnetic susceptibility measurements, represents therefore a direct test on the
relevance of nonadiabatic effects in fullerenes. In this respect the discovery of finite
isotope effects on these quantities can be considered a trademark of nonadiabatic
interaction and experimental work along this line is encouraged. A remarkable isotope
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effect on m* by penetration depth measurements has been actually observed in the
underdoped region of the cuprates[24], suggesting a common origin of the high-T,
pairing in both the materials.

In conclusion, we have revised the validity of the conventional ME theory of the
superconductivity in fullerene compounds. We have shown that nonadiabatic effects
are unavoidable in these materials due to the narrowness of the electron bands. A
microscopic generalization of the superconductive equations in nonadiabatic regime
points out the fundamental importance of the nonadiabatic interaction to account for
the high values of T, and for a correct description of the superconducting and normal
state properties.
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