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Phonon-induced superconductivity and physical
properties in intercalated fullerides Rb3C60
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Abstract

The nature of electron pairing mechanism and physical properties leading to superconducting state and normal
state resistivity in alkali metal (Rb) intercalated fullerenes are explored. Keeping in mind that free electrons in lowest
molecular orbital are coupled with inter-molecular phonons, the coupling with inter-molecular phonon leads to
transition temperature (Tc) of about 4.17 K. The electrons also couple with the intra-molecular phonons. Within the
framework of strong coupling theory, Tc is estimated at 34 K. The carbon isotope effect exponent, the energy gap
ratio, influence of pressure and volume on Tc, and thermodynamical parameters describing the superconducting
state confer that Rb3C60 as s-wave superconductor. Estimated contribution to resistivity using scattering with inter-
and intra-molecular phonon, when subtracted from single crystal data, infers quadratic temperature dependence
over most of the temperature range and is attributed to electron–electron inelastic scattering. Both low frequency
intermolecular and high frequency intra-molecular phonons have significant bearing in Rb3C60 superconductor.
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Review
Introduction
Superconductivity in alkali metal intercalated Buckminster
fullerenes with superconducting transition temperature
(Tc is approximately 20 to 45 K) continues to provoke
considerable interest [1-3]. The nature of attractive pairing
mechanism with conventional phonon-mediated electron
pairing or unconventional electronic mechanisms in
superconducting fullerides is, of course, a central point of
several experimental studies, which remains unsettled for
a quite long time. The normal state electronic and mag-
netic properties of alkali metal intercalated fullerides
(AMIF) are still only partially understood and are
reviewed at great length [4,5]. Despite massive experimen-
tal and theoretical efforts, consistent picture of pairing
mechanism leading to a superconducting as well as anom-
alous physical properties needs more attention. Apart
from the understanding of the unusual properties, the
doping in C60 as MxC60 (M =K, Rb, Cs, and x = 1,2, and 3)
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is at the center of many novel phenomena and hence
points to their technological and industrial importance.
Neutron inelastic scattering measurements [6,7] and

Raman spectroscopy [8] have been extensively used to
probe the molecular vibrational modes of C60 in pristine
and doped C60 solids, in investigation of structural and
electron–phonon interaction, and in superconducting
fullerides. The AMIF have a wide frequency range of
phonon spectrum. Neutron scattering indicated that the
vibrational spectrum of Rb3C60 may be divided into two
regions. One of them belongs to the rotation of C60 mol-
ecule, the inter-molecular vibrations being in the range
of 2 to 20 meV and another is the intra-molecular mode
with frequency from 25 to 200 meV. Raman scattering
yields the on-ball vibrational modes (approximately
40 meV to 0.2 eV). The phonon spectrum in AMIF
consists of mode of C60 (26 cm−1), the vibrations of Rb+

ions and the translational vibrations as a whole (approxi-
mately 15 to 150 cm−1), and the on-ball molecule vibra-
tions (approximately 400 to 1,400 cm−1) as revealed
from lattice dynamic studies [9]. The electron–phonon
interaction is usually assumed to cause the supercon-
ductivity. It should, however, be important to clarify
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which of these molecular vibrational modes plays a
major role in yielding a superconducting state.
The energy scales of the various phonon modes that

mediate the electron–phonon coupling are different,
owing the dependence of superconducting transition
temperature on isotopic mass, a good probe to clarify
phonon mechanism. Precise measurement of carbon
isotope allows us to know whether on-ball molecular
phonons, alkali-C60 optic phonons, and translational
modes of AMIF play a major role on the electron–phonon
coupling or not. The carbon isotope effect demonstrates
αc = 0.37 ± 0.05, with the 75% ± 5% substitution of 6C13 for
6C12 [10] naturally favors the phonon-mediated pairing,
which rules out the electronic one. Fuhrer and cowor-
kers reported a reduced αc of about 0.21 ± 0.012
[11]. It is apparent that conventional BCS weak
coupling theory predicts one half value of isotope ef-
fect, and reduced value indicates that the BCS model
must be modified. It is fair to note that although
carbon isotope effect demonstrates the role of phonons,
it does not tell whether these modes are intra-molecular
or inter-molecular.
We note that the Rb dopant isotope effect measure-

ments verify that inter-molecular phonons do not play a
significant role in AMIF [10]. Along with the carbon iso-
tope effect exponent, it clearly demonstrates the
unique role of intra-molecular phonons as far as the
origin of superconductivity in fullerides is concerned.
Burk and coworkers have shown a Rb isotope effect
of αRb = −0.028 ± 0.036, a result which implies that the
alkali-C60 optic phonons play, at most, a minor role
in the pairing mechanism [12]. However, a substantial
intercalant isotope effect is expected in a situation with
significant contribution from alkali-C60 optic phonons. Al-
though the lack of a significant Rb isotope effect seems to
rule out an alkali phonon contribution to pairing leading
to a superconducting state, the small negative αRb could
possibly be an artifact anharmonic alkali dopant potential
in the interstitial sites. Whereas, we note that the value of
αRb may hint at a similarity with the inverse hydrogen iso-
tope effect in strongly anharmonic palladium hydride
[13,14]. The reduced value of αc imposes a constraint on
the pairing mechanism of superconductivity in AMIF and
raises the interesting possibility that alkali-C60 optic pho-
nons may contribute to pairing, where alkali-metal isotope
effect exponent may be masked by the effects of an anhar-
monic potential [11].
The widely debated issues in high Tc superconductors

are the symmetry of the order parameter and the magni-
tude of the energy gap. It is generally believed that the
AMIF holds s-wave symmetry of the order parameter
[15]. Wide frequency scale of phonon modes, mediating
a pair of electrons, is reflected in the magnitude of energy
gap that varies from different spectroscopic techniques.
On the other hand, point contact tunneling measure-
ments predict a large energy gap ratio (β = 2Δ0/kBTc)
of 5.2 ± 0.3 for Rb3C60 in strong coupling regime [16].
Although tunneling measurements predict a large magni-
tude of the reduced energy gap, the BCS theory (β = 3.53)
supports a low energy inter-molecular phonons as the
source of superconductivity. However, several other reports
on energy gap, i.e., far-IR measurement [17,18], muon spin
relaxation measurement [19], and NMR measurement
[20,21], provide a gap ratio (β = 2Δ0/kBTc) of 2.98 to 3.6
which is closer to BCS weak coupling limit, and absolute
reflectivity data [22] provide energy gap value of β = 2.98
for Rb3C60. These values are close to those obtained from
nuclear relaxation measurement [20]. The relaxation
measurement in the normal state suggests that the
coupling between the electrons and the low frequency
phonons, i.e., inter-molecular phonons or radial intra-
molecular phonons, is important for superconductivity in
alkali metal-doped fullerenes Rb3C60. Optical transmission
and tunneling studies [23], photoemission studies [24], and
STM measurements [25] on Rb3C60 led to β = 4.2 ± 0.2, 4.1,
and 5.3, indicating that the superconductivity cannot be
described in the weak coupling limit. Although spectro-
scopic techniques [15-25] favor the electron–phonon coup-
ling, they are unable to characterize phonons responsible
for the pairing mechanism. Again limits for weak or strong
coupling are also unpredictable.
Mechanisms for pairing in fullerides have been suggested

in abundance. Zhang and coworkers first proposed that
the doped alkali ion phonon mode produces a strong
attraction for electrons on C60 using a Hubbard model to
describe the superconductivity [26]. Varma et al. argued
that the electron–phonon interaction in fulleride be
induced by high frequency intra-molecular vibrational
modes on a ball of C60, and it should be a key feature of
superconductivity [27]. Using quantum chemical calcula-
tions, it is argued that intra-molecular vibrations strongly
scatter the electrons near Fermi surface, and modes near
1,428.0 and 1,575.0 cm−1 are strongly coupled. The
electron–phonon coupling parameter (λra) is evaluated as
0.11. It is likely that intra-molecular vibrations will lead to
a superconducting state in fullerides [28].
Further, we note that Kresin analyzed the reported

data on superconducting fullerenes based on generalized
expression for Tc and argued that the strong electron
vibrational coupling will describe the superconducting
state. The accurate results reflected from the self-consistent
approach for intra-molecular vibration [29,30]. However,
the theory of Zhang and Guo led to the fact that the
coupled Rb+ optical mode and the vibration of C60 mass
center will induce a strong electron–phonon interaction
[31]. They have pointed that the value of electron–phonon
coupling parameter for the intra-molecular vibrations is
too small to explain the superconductivity. Ivanov and
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Maruyama have proposed a three square well model
which is characterized by windows of low-frequency inter-
molecular phonons, high-frequency intra-molecular, and
Coulomb energy; they find that these interactions allow a
coherent interpretation of superconducting fulleride prop-
erties [32]. Furthermore, Alexandrov and Kabanov have
developed a non-adiabatic theory of super-conductivity
taking into account the polaron band narrowing and the
realistic electron–phonon, as well the Coulomb interac-
tions [33]. In these theoretical approaches, the main
contribution to the transition temperature in fullerides is
obtained by intra-molecular phonons, and indeed experi-
mental reports for alkali isotope effect failed to show the
possible participation of inter-molecular phonons.
Studies on transition temperature under high pressure

are another convincing test for the characterization of
participating phonon modes in the wide energy scale of
phonon spectrum. In the AMIF, Tc monotonically
changes with the unit cell size (lattice constant) a. The
value of a can be varied in a number of ways. The pres-
sure effect in fullerides is huge, dTc/dP is negative, and
the dTc/dlna ratios for different fullerides are close to
each other. The direct measurements of the pressure
dependence of the superconducting Tc for single-phase
Rb3C60 by Sparn and coworkers [34,35] revealed that
Tc (=29.6 K) decreases strongly with increasing pres-
sure, dTc/dP = −9.7 K/GPa. Subsequently, measuring
magnetic susceptibility [36] under hydrostatic pres-
sure yields dTc/dP = −7.8 K/GPa with a Tc of 19.3 K
for K3C60. In the theory of Chaban, the dependence
of Tc on the pressure is argued to be connected with
the chemical pressure effect in fullerides [37]. The
sensitivity of the pressure dependence of the Tc to
the variations in Tc has been questioned to be an evi-
dence of phonon pairing mechanism with either weak or
strong coupling in AMIF. Finally, the reported universal in-
crease of Tc with lattice parameter in high-pressure experi-
ments has been invoked to support weak coupling theory
with high frequency intra-molecular phonons.
In this respect, it is interesting to look at the nature of

superconducting state to which the energy scale of the
mediating boson in the electron-paring interaction is
crucial in determining whether weak or strong coupling
is appropriate. It is widely believed that the high
frequency (approximately 400 to 1,400 cm−1) intra-
molecular modes or electronic excitation would tend to
favor the weak coupling theory, while inter-molecular
modes (approximately 15 to 150 cm−1) would require
normally strong coupling theory. This motivates us to
seek a deeper understanding of the transition temperature
and its pressure, as well as volume dependence, of
fullerides taking into account of both inter-and intra-
molecular phonons. In the fullerenes Rb3C60, the inter-
molecular vibrations possess the energy in the range of
2 to 20 meV, and the band structure calculations have
reported Fermi energy (εF) as 0.2 to approximately
0.3 eV [38].
In what follows, fullerides obey ωer < εF, so the consid-

eration of inter-molecular vibrations, i.e., the coupling of
the conduction electrons with the inter-molecular
phonons, will be reasonable as a good starting point. In
the problem of fullerides, we do believe that the coupling
of conduction electrons with the displacements of C60

molecule or the alkali ions will induce the superconductiv-
ity. The coupling with the displacements of the alkali C60

optic is no doubt important to the electron–phonon inter-
action, because the isotope effects of C60 are present in the
superconducting phase of Rb3C60. In the theory of Zhang
and Guo, the coupling parameters are small for the intra-
molecular vibrations to produce medium Tc [31]. We shall
introduce the coupling of conduction electrons with the
intra-molecular phonons in an ad hoc manner believing
that our results are of importance. Nevertheless, this ad
hoc interaction should provide sufficient extra coupling
between conduction electrons as the energy scales for the
frequency of this interaction would be much larger than
the usual inter-molecular phonon frequency. Analyzing
the isotope effect and pressure dependence of transition
temperature will be a further test of the proposed idea.
In totality, the normal state resistivity measurements on

AMIF reveal its metallic behavior. For polycrystalline films
of RbxC60, Kochanski et al. have first reported the resistiv-
ity measurement data as function of both temperature and
doping (x) [39]. The minimum resistivity for Rb3C60 film
is about 2.2 m Ω cm near the Mott limit. Using a Fermi
wave vector kF = 0.5 Å−1, together with minimum resistiv-
ity in the Boltzmann equation, would yield an electronic
mean free path (ℓ) of 2.3 Å which is small in the metallic
state. Subsequently, Palstra and coworkers have reported
the measured longitudinal resistivity of thin films of
Rb3C60 in the normal and superconducting states in the
magnetic fields up to 12.5 T [40]. The effective mean free
path is found to be of the order of inter-atomic distances,
the system being near metal-insulator transition. Xiang
and coworkers [41] have first documented the resistivity
measurement data of single crystal Rb3C60. The observed
temperature dependence can be accounted for with an
electron–phonon scattering mechanism if there is a high
frequency contribution from the intra-ball phonons and a
lower frequency contribution from phonons with
frequencies in the range of 10 to approximately 100 cm−1.
The overall temperature dependence of ρ(T) above Tc
places constraints on the normal state transport models.
The magnetoresistance experiments on superconductive

single crystal Rb3C60 in fields up to 7.3 Tesla were
reported [42]. The measurements yield superconducting
state and normal state parameters, including upper critical
field, coherence length, penetration depth, scattering time,
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mean free path, and zero resistivity. They pointed that
although their analysis assumes the metallic conduction,
the relatively high normal state resistivity suggests the
possibility of non-conventional scattering mechanisms.
The temperature dependence of thermoelectric power of
single crystal Rb3C60 is reported by Morelli and is
analyzed in terms of electron–phonon interaction [43]. It
is noticed that the low temperature behavior is consistent
with electron–phonon mass enhancement effects if it is
assumed that the electrons are coupled strongly to low
frequency inter-ball or ball alkali-metal atom phonons
with effective energy θ* = 185 K.
Substantial progress has been made in analyzing the

normal state resistivity of Rb3C60 superconductors. A
good fit to the temperature-dependent resistivity of
Rb3C60 can be obtained only by including a phonon
mode with θ* = 185 K [44]. Gelfand and Lu have
proposed a model for the electrons in the conduction
band of alkali metal-doped C60 and suggested that the
intrinsic orientation disorder might have a substantial
influence on the electronic properties of these molecular
materials [45]. Crespi et al. have analyzed the single
crystal Rb3C60 resistivity data using Ziman's resistivity
formula from the view of electron–phonon coupling [46].
The analysis reveals that contributions from both high
frequency intra-ball and low frequency inter-ball modes
will be sufficient to account for the superconductivity.
Using parallel resistor extension to Bloch-Boltzmann

theory, Hou et al. have pointed that high-temperature
resistivity of single crystal Rb3C60 does not show signs of
resistivity saturation up to 800 K [47]. They successfully
fit the resistivity data using the intra-molecular phonons
with a frequency of ωra = 1,220 K. Although the low fre-
quency inter-ball phonons will be strongly temperature-
dependent, the fit to the Ziman formula suggests that the
coupling to these modes is small. The normal state resist-
ivity measurement [39-47] points to the fact that apart
from both on-ball molecule vibrations and alkali C60, optic
phonons and electron–electron interactions in the metal-
lic state are important in retrieving the measured data.
However, it is not clear that the normal state resistivity
minima will correspond to inter- or intra-molecular
phonons.
Observing various experimental reports [1-25,34-38]

and theoretical proposals [26-33], we have made our
efforts to reveal the nature of pairing mechanism and
physical properties leading to superconducting state by
considering the three-dimensional (3D) Rb3C60 as a
diatomic lattice with C60 molecule and alkali metal (Rb)
ions. We first provide technical details and motivate
them by simple physical arguments before summarizing
our main findings. In a true sense, the rotation of C60

molecule is almost completely inhibited below 250 K
and hence need not be included in a theory dealing with
the system at temperature near the transition temperature
of fullerides. Furthermore, the molecular vibrations of full-
erides in three-dimensional network are quite complicated
because the Coulomb interactions between bond charges
of covalent bond belong to different molecules. For the
requirements of consistency, the lattice parameter (a) and
Bulk modulus (B) are used from experiments to derive the
force constant (κ) and the longitudinal phonon modes
propagating along 110 direction, which are due to the dis-
placement of C60 molecule and alkali ions. We use the
inter-molecular optical phonon frequency of Rb3C60 to es-
timate the superconducting transition temperature, in the
strong coupling theory of superconductivity. Later on, the
intra-molecular phonons are introduced to obtain an ana-
lytical result on transition temperature, carbon isotope ex-
ponent, the energy gap ratio, and the pressure and volume
effect on transition temperature. It is the purpose of this
investigation to determine the relative contributions of
these vibrations in pairing, assuming that they coexist.
Note that we shall present our results in terms of s-wave
pairing state.
We have further devoted our efforts to interpret the

temperature-dependent resistivity of single crystal
Rb3C60 data. Our emphasis is to first see the relative
strength of coupling strengths for inter- and intra-
molecular vibrations. Later on, the role of the electron–
electron interactions is explored. We are not going to
make any exception and will also deduce the resistivity
within the framework of Bloch-Gruneisen theory. We will
show the resistivity as obtained from the electron–phonon-
coupling strength using the McMillan-Hopfield parameter
for real space formulation and the density of states at the
Fermi level for estimating coupling strength. The objective
is to characterize phonon modes which best reproduce the
form of temperature-dependent resistivity and play a major
role in pairing mechanism.
This paper is arranged as follows. In “The model”

section, we first derive the force constants and the longi-
tudinal phonon frequency for C60 molecule. Furthermore,
a relationship between force constant for undoped and
alkali metal-doped fullerenes has been established. The
longitudinal phonon modes of Rb3C60 propagating along
110 directions are evaluated. The effective coupling
strength between the conduction is then deduced, and
renormalized Coulomb repulsive parameter for the inter-
molecular phonon frequency (ωer) is used to estimate Tc

er.
In the next step, the intra-molecular phonons are used for
the estimations of Tc. In order to test the validity of the
above approach, the carbon isotope effect, the reduced
energy gap parameter, the pressure and volume effect on
Tc, the thermodynamical parameters describing the super-
conducting state, and normal state resistivity for Rb3C60

are also estimated. The details of numerical analysis are
presented along with discussions in the ‘Results and
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discussion’ section. The purpose of the present investiga-
tion is to improve the understanding of various physical
properties by including the effects of Coulomb and inter-
and intra-molecular phonons. However, we do not claim
the process to be rigorous, but the results we report here
do indeed throw light on the nature of these interactions
in the test material. Conclusions are discussed in the last
section where we provide physical descriptions of the
model calculations involved.

The model
The undoped C60 molecule is a pure carbon compound
and possesses a spherical structure. The nuclear cage of
C60 (the C60 sphere) has the following diameters: 7.1 Å
with two-bond length (6–6 ring), 1.4 Å, and 1.46 Å
(6–5 ring). The distance of the nearest approach in the
molecular solid is 3.1 Å [48]. The C60 molecule crystallizes
in the fcc phase with lattice parameter a = 14.20 Å, and
the distance between the centers of the nearest neighbor
C60 cages is b = a/√2. Furthermore, in C60 molecule, out
of four valence electrons on each carbon atom, three elec-
trons participate in the 90 σ bonds along the edges of
truncated isocahedron, and the remaining 60 electrons of
the molecule are in the orbitals.
In fact, the diameter of C60 molecule is large in such a

way that the electron density is localized near the surface
of the sphere. Electronic energy band structure reveals
that for C60, the lowest unoccupied molecular orbital is
empty and can accommodate six electrons [49,50]. The
C60 cages may be regarded as rigid spheres, and a band-
width develops from the weak interactions between the
nearest neighbor (n-n) C60 cages. In the following, the
n-n C60 cage interactions are first considered, and the
force constants along with the phonon frequencies of
the fcc lattice are then derived.
To begin with, consider the undoped C60 molecule as

a cube with N cages, and volume is Na3/4. When the
volume is compressed from V to V + dV, the work done
is

W ¼ B=2ð Þ ∂V
V

� �
∂V ¼ B ∂Vð Þ2

2V
; ð1Þ

B being the Bulk modulus and a is the lattice param-
eter. For a cube, V = a3 and ∂V/V = 3∂a/a. Keeping in
mind the contribution of 6N bonds between n-n C60

cages, W is expressed as

W ¼ 3N

k ∂affiffi
2

p
h i2 ; ð2Þ

where κ is the force constant for n-n cages. A compari-
son yields κ =3Ba/4. A set of C60 molecule is treated as
a three-dimensional monoatomic lattice with atomic
mass and the position of cage as mk and u (
l
k
), respect-

ively. The lattice considered S unit cells numbered by an
index l = 1,2. . .S and for masses k (=1) [51]. The equa-
tions of motion along 110-direction are obtained from

force − ∂Φ/∂ u (
l
k
) acting on the atom (k) with Φ as the

potential energy of the crystal and follows

�mkuj kð Þ ¼ K 2uj kð Þ � ujþ1 kð Þ � uj�1 kð Þ� � ð3Þ
also

�muj lð Þ ¼ k 2uj lð Þ � ujþ1 lð Þ � uj�1 lð Þ� � ð4Þ
The equilibrium position of the lth unit cell relative to

an origin located at some atom is r(l) = l1 a + l2 b + l3 c,
where l1, l2, and l3 are integers and a, b, and c are the
primitive translational vectors. Using the plane wave so-
lution as uj(l) =A(q) exp i[qjr(l) − ωt], with A as the amp-
litude, q is the wave-vector in 110 direction, and ω(q) is
the angular frequency, the dispersion relation reads

ωL qð Þ ¼ 2
ffiffiffiffiffiffiffiffiffi
k=m

p
¼

ffiffiffiffiffiffiffiffi
3Ba
m

r
ð5Þ

at the zone boundary (q = π/b). The above is the longitu-
dinal phonon mode, which is due to the rotational mo-
tion of the C60 molecule. The lattice is expanded due to
intercalation of K, Rb, and Cs at tetrahedral and octahe-
dral sites when C60 molecule is doped; this is discussed
in the following subsection.
The C60 molecule when chemically substituted with al-

kali metal (Rb) atoms becomes metallic at the Rb3C60

composition, and it shows the superconducting nature.
With the doping, Rb atoms become fully ionized in the
C60 crystal and give up their electrons to highly
polarizable C60 molecule. These electrons go to the de-
localized lowest unoccupied molecular orbitals, which
can accommodate six electrons. The conduction band is
empty for C60 crystal, and for Rb3C60, the conduction
band is half filled up to the Fermi level. The Rb atoms
were located in two non-equivalent tetrahedrals and an
octahedral position of the lattice. In doped fullerides,
there exists 6 N C60-C60 bonds at a bond distance of
a/√2 and 8 N C60-Rb bonds with bond distance as
a√3/4 with a = 14.45 Å for Rb3C60. In the true sense,
a dopant entering in to parent lattice C60 tends to ex-
pand the lattice to create a place for itself.
The transfer of charge will certainly result in to some

contraction, and the final lattice parameter of the doped
material will be resultant of these effects. It is noticed
that the lattice parameters for K3C60 (a = 14.28 Å),
Rb3C60 (a = 14.45 Å), and Cs3C60 (a = 14.60 Å) which
are more than the lattice parameter of undoped C60

namely a = 14.20 Å and, hence, there is a resultant
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expansion [1-3]. Furthermore, out of the 8 N C60-Rb
bonds, four N are at octahedral position, and four N
take the tetrahedral position. For the sake of simplicity,
the Rb atoms are considered at the tetrahedral site, as
the cavity is large enough to accommodate Rb atom.
The total bond energy within the harmonic approxima-
tion is expressed as

EB ¼ 6Nk

2 a
. ffiffiffi

2
p

� �
� rCC

� �2 þ 8Nk
0

2 a
ffiffi
3

p
4

	 

� rMC

h i2 ; ð6Þ

where rCC is the equilibrium C60-C60 bond distance
(10.04 Å) and rMC denotes the metal-C60 bond distance
and is rMC = (rCC/2) + ri, with ri = 1.48 Å is the ionic ra-
dius of Rb. A relationship between the force constants κ
(C60-C60) and κ′ (M-C60) is established when the total
bond energy reaches its maximum at the experimental
value of lattice parameter a.
Let us now consider the n-n interactions between the

C60 cages and C60 cages bonded to both Rb atoms as well
as the adjacent C60 cages while the Rb atoms are bonded
to C60 cages only. Treating Rb3C60 as a three-dimensional
diatomic lattice with atomic masses as m (M) and positions
u (v) for C60 (Rb), the equations of motion follows

�muj lð Þ ¼ k 2uj lð Þ � ujþ1 lð Þ � uj�1 lð Þ� �
þ 2k1 2uj lð Þ � vjþ1

2
lð Þ � vj�1

2
lð Þ

h i
ð7Þ

�Mvj lð Þ ¼ k1 2vj lð Þ � ujþ1
2
lð Þ � uj�1

2
lð Þ

h i
ð8Þ

The plane wave solutions are used as uj(l) = A exp
i[qj r(l) −ωt] and vj(l) =B exp i [qj r(l) −ωt] and κ1 = 0.66 κ0.
It is useful to expand the coefficient Φ, i.e., the atomic force
constants about its equilibrium value using the 3D forms of
Taylor theorem for small displacements. Following
harmonic approximation, all cubic and higher order
terms are neglected. Also, the nearest neighbor interactions
naturally demand the force constants and several other
parameters in 3D. For various symmetries in Rb3C60,
several transverse and longitudinal frequencies will be
then obtained from the 3D dynamical matrix and are
rigorous which indeed is not included in the scope of
the present analysis. Confining only for the longitu-
dinal phonon modes of Rb3C60 along 110-direction,
the dispersion relation reads for small q value

ω2
þ ¼ 4 ½D1 þ D2� � D1D2

½D1 þ D2� qbð Þ2 ð9Þ

ω2
� ¼ D1D2

D1 þ D2
qbð Þ2 ð10Þ

Here, D1 = [κ + (2κ0/3)]m−1 and D2 = [κ0/3] M−1. Equation
(9) is an inter-molecular optical mode, and the acoustic
characteristics are seen from Equation (10) in the long-
wavelength limit (q→ 0). The developed phonon modes
are due to the displacement of C60 molecule or Rb+ ions in
the Rb3C60. Initially, the coupling of conduction electrons
with the inter-molecular optical vibrations (ω+) is consid-
ered and is believed to provide the attractive force for
superconductivity in fullerides. As an application, the coup-
ling parameters of Rb3C60 are evaluated in the following
subsection.
The evaluation of superconducting transition temperature

indeed needs the information about the attractive electron–
phonon coupling strength and the Coulomb repulsive
parameter. Generally, the phonon-mediated interaction is
usually treated first, and then direct Coulomb interaction
is introduced in terms of pseudopotential, μ* [52-56]. The
estimation of Tc concentrates on treating the phonon-
mediated interaction in the strong coupling theory with
great accuracy, while the Coulomb interactions μ* along
with the electron–phonon coupling constant λ are often
incorporated in an approximate way. In dealing with a
high-Tc superconductor, it is more realistic to first consider
the large electron–electron interaction and later the small
electron–phonon interaction strength to estimate Tc.
The effect of screening of electrons is determined by the

renormalized Coulomb repulsive parameter as [52,53]

μ� ¼ μ

1þ μ ln εF=ωer

	 
h i ; ð11Þ

where the cut-off frequency is set equal to the inter-
molecular optical phonon frequency. Usually, the Coulomb
repulsive parameter μ is obtained in terms of Fermi wave-
vector kF and the Thomas-Fermi wavevector (ks) as

μ ¼ χ2 ln 1þχ2ð Þ
.

χ2

� �� �
ð12Þ

Here, the abbreviation χ2 = ks
2/4kF

2 and ks
2 = 6πne2/ε∞ εF.

The density of electrons is n, with ε∞ being the high
frequency dielectric constant and εF is the Fermi energy.
Superconducting tunneling data yields the electron–

phonon spectral weight α2 F (ω) from a strong coupling
inversion procedure for the estimation of the coupling
constant. On the other hand, the attractive coupling
constant can be calculated from the McMillan formulae
[57] which are related through the density of states at
Fermi level N(0) and the mean square electron-ion
matrix. Band structure calculation of Rb3C60 using full
potential linear muffin-tin orbital [58] method suggests
that the superconducting electrons are composed
entirely of carbon 2p, the contribution of C 2 s orbital is
very small, and the largest contributions to N (0) are
provided by the C (3) atoms which are the closest to the
neighboring C60 molecule. The density of states is larger
than that of ordinary metals. The use of McMillan
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expression is appropriate in Rb3C60 superconductors for
twofold reasons: large density of states and the larger
mass difference of Rb and C60. The electron–phonon
coupling strength λ is

λ ¼ N εFð Þ < I2 >
M < ω2 >

; ð13Þ

where < I2 > is a mean square electron-ion matrix elem-
ent, M the molecular mass, and < ω2 > is an averaged
square molecular vibration frequency.
The mean square electron-ion matrix element is

< I2 >¼
�

Ω= 2πð Þ3� �2 ∫d3k ∫d3k 0 k � k 0ð Þ2

V k � k 0ð Þj j2 δ Ek � εFð Þδ E0
k � εF

� ��
Ω= 2πð Þ3� �2 ∫d3k ∫d3k 0 k � k 0ð Þ2

δ Ek � εFð Þδ E0
k � εF

� ��1

ð14Þ

¼ N εF½ �2 ∫
2kf

0
ðqdq=2k2FÞ q2 V qð Þj j2

( )

N εF½ �2 ∫
2kf

0
ðqdq=2k2FÞ

( )−1

¼ ∫
2kf

0
q3dq V qð Þj j= ∫

2kf

0
qdq;

ð15Þ

where,V(q) is the screened Coulomb potential. In terms of
bare Coulomb potential Vc (q) one expresses,V (q) =Vc(q)/
ε(q). The dielectric function ε(q,ω) is

ε q;ωð Þ ¼ 1þ ω2
p

q2v2F
2

� �
� ω2

� ��1

; ð16Þ

where vF as the Fermi velocity.
The static dielectric function ε(q) in the long-wavelength

limit is

ε qð Þ≈ 4me2kF
πℏ2q2

ð17Þ

and the result for screened Coulomb potential is

V qð Þ ¼
4πZe2
q2Ω

4me2kF
πℏ2q2

ð18Þ

¼ ℏ2π2Z
mkFΩ0 ð19Þ

where Ω is the volume of the cell and Ze denotes effective
nuclear charge and is 7e.
Thus, the mean square electron ion matrix element
from Equation (15) follows

< I2 >¼ ℏ2π2Z
mkFΩ

 !Z2kF
0

q3dq=2k2F ; ð20Þ

and the electron–phonon coupling strength for the
inter-molecular vibration frequency < ωer

2 > is

λer ¼
2N εFð Þ ℏ2π2Z

mΩ

h i2
M < ω2

er >
ð21Þ

The values of the renormalized Coulomb repulsive
parameter and the attractive electron–phonon coupling
constant are used while estimating the superconducting
and normal state parameters.
In the next section, we shall estimate the superconduct-

ing and normal state properties for alkali metal interca-
lated fullerenes Rb3C60 namely: transition temperature Tc,
the Carbon isotope effect α, the energy gap ratio β, the
pressure and volume effect on Tc, and the thermodynami-
cal properties describing the superconducting state, as well
as the normal state resistivity and associated transport
parameters for alkali metal intercalated fullerides.

Results and discussion
For the estimation of the superconducting state para-
meters of alkali metal intercalated Rb3C60, the realistic
values of some physical parameters employed are as fol-
lows: the C60 molecule is first analyzed using the lattice
parameter a = 14.20 Å and B = 18 GPa [59,60]. The ef-
fective mass of C60 cage is 1.2 × 10−24 kg, and the force
constant κ is obtained as 19.17 N/m. The estimated
value of the longitudinal phonon frequency of C60 mol-
ecule from Equation (5) is 42.40 cm−1 (5.2 meV). It is
worth to mention that this phonon mode comes from
six N bonds between n-n cages of C60 molecule.
Essentially, the rotation of C60 molecule is inhibited at

temperatures near to room temperature, and it appears
appropriate to ignore the rotation of C60 molecule in a
theory dealing with system at temperatures in the vicin-
ity of Tc. Chemical substitution of alkali metal ion in C60

molecule introduces extra electrons which are accom-
modated in the conduction band which is half filled up
to the Fermi level, and these conduction electrons dis-
tort the lattice of Rb3C60. The distortion leads to a net
expansion as lattice parameter for Rb-doped fulleride
(14.45 Å), and parent fulleride is a = 14.20 Å. For the
evaluation of force constant relationship, the total bond
energy is then minimized at the experimental value of
a (=14.45 Å) for Rb3C60 to obtain κ0 as 1κ. It appears
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that the magnitude of force constant for alkali metal
intercalated fullerenes is larger than the undoped C60.
The dispersion relations for the inter-molecular pho-

non modes originate due to the displacement of C60

molecule, and Rb+ ions are then obtained. It is evident
from the eigen-frequencies that these correspond to the
inter-molecular acoustic and alkali C60 optical modes in
the long-wavelength limit (q→ 0). The mass of the three
alkali metals (Rb) are used as 366.92 amu. The inter-
molecular alkali C60 optic mode (ωer) is obtained as
8.19 meV at q→ 0. The scattering of charge carriers at
the Fermi surface is considered for all possible values of
scattering angle θ. The wave vector q (≅ 2kF sinθ) can
therefore takes maximum value up to 2kF. For small
value of q, the product qb is 10 to deduce the value of
acoustic mode as 105 meV at 2kF. The electron density
n (=4 × 3/a3) is estimated at 4 × 1021 cm−3 from the
lattice parameter a of Rb3C60, and the band structure
value of mass as 3.6 me is used [58].
The Fermi energy is obtained as 0.25 eV which is con-

sistent with the earlier data, εF = 0.2 to approximately
0.3 eV [4,5,38]. The other parameters of the electrons
are the screening parameter ks (≅ 0.99 Å−1) and the
Fermi wave vector kF (≅ 0.49 Å−1) which are required
for the determination of the Coulomb repulsive param-
eter. We have used the value of ε∞ as 4.4 [61]. The
renormalized Coulomb repulsive parameter μ* is esti-
mated at 0.21 and is attributed to the fact that εF is
higher by at least an order of magnitude with the inter-
molecular alkali C60 optic phonon frequency. The elec-
tron–phonon coupling strength (λer) using Equation (21)
is obtained as 1.17. We note that the dimensionless elec-
tron–phonon coupling strength as estimated by Gunnarson
is about 0.5 to 1 [4,5]. Generally, the moderately large value
of Coulomb repulsive parameter is appropriate for a
narrow bandwidth material on the metallic side of a
metal-insulator transition. To this end, one can see that
in dealing with Rb3C60 fullerides, the coupling strength
(λ > 1) and the renormalized Coulomb repulsive param-
eter (μ* = 0.21) for the characteristic phonon frequency
(ωer = 8.19 meV) are believed to distort the lattice, lead-
ing to a superconducting state. We begin by analyzing
the superconducting transition temperature.
In the regime λ > 1, the strong coupling theory applies

and the transition temperature Tc for Rb3C60 is esti-
mated following [62]

T er
c ¼ 0:25ωer exp 2

λeff= Þ � 1
��1

2;
	h

ð22Þ

where

λeff ¼ λer � μ�ð Þ 1þ 2μ� þ λerμ
�t λð Þ½ ��1 ð23Þ

and
t λerð Þ ¼ 1:5 exp �0:28λerð Þ: ð24Þ

The effective coupling constant λeff is deduced as 0.57
for the numerical function t(λ) value 1.08 with λer = 1.17
and Tc

er is estimated as ≅ 4.17 K which is much lower
than the reported experimental data [1-3,34,35] of about
29.6 K. The low value of Tc is due to the fact that the
vibrations developed due to the lattice deformations, i.e.,
the soft optical inter-molecular phonons, are considered.
The above approach with inter-molecular phonons does
not explain a medium Tc in Rb3C60; hence, it is import-
ant to look for the role of intra-molecular phonons to
assess the reported value.
The role of collective excitation mechanism over con-

ventional phonon mechanism in cuprates was earlier
successfully explained with a generalized expression for
Tc in a strong coupling theory [62]. A related problem is
that whether one can utilize the broad vibrational
spectrum of fullerenes for evaluating Tc or not. With this
idea, an analytic result for Tc is obtained by incorporat-
ing the simultaneous presence of both inter- and intra-
molecular phonons in fullerides using

Tc ¼ Tc
er ωra=Tc

er

h iΛ
; ð25Þ

where

Λ ¼ λra
λra þ λer

; ð26Þ

λra being the intra-molecular coupling constant and is
obtained as 0.7 from the scattering time (τ = 0.8 × 10−14 s)
which is derived in the latter section while estimating the
zero limited resistivity as

λra ¼ ℏ
2πkBTτ

: ð27Þ

We have used the reported value of ωra = 847.9 cm−1

from the earlier data [1-3]; Tc is obtained as 34 K.
Hence, with the cooperative inter- and intra-molecular
phonon mechanisms, the high Tc value in fullerides is
explained. Although the intra-molecular phonons are
incorporated in an ad hoc manner, it is believed that this
approach will reveal the vibrational modes responsible
for superconducting pairing in AMIF as well as the rela-
tive strengths of these couplings. The strength of coupling
σ = λer \ λra is 1.67. From the analysis of superconducting
Tc, it is natural to make two comments: (a) the high-
energy intra-molecular phonons are moderately coupled
while to that of the low-energy inter-molecular pho-
nons are strongly coupled to neighboring electrons,
and (b) Tc mainly arises from the significant contribu-
tion of intra-molecular phonons.
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We now switch to the discussion of screening effects.
It is widely believed that for conventional superconduc-
tors, retardation effects in view of different energy scales
for electrons and phonons drastically reduce the effects
of Coulomb interactions. In what follows, the dimen-
sionless Coulomb repulsive parameter μ* is therefore
believed to severely reduce and, attributed to the scaling
factor, ln [εF/ωb] appeared in the denominator of the ex-
pression of μ*. As the Fermi energy is larger, at least an
order of magnitude by inter-molecular phonons, the re-
tardation effects are expected to be very small. On the
other hand, the Fermi energy and intra-molecular phonon
frequency are of almost similar order, and hence vertex
correction becomes important because the Migdal the-
orem does not hold and the frequency dependence of the
effective Coulomb interaction should be considered in
fullerides. The above issue will be addressed in future in-
vestigation by considering the Coulomb interactions more
carefully. Generally, energy ωb is presented as characteriz-
ing bosons (ωer or ωra), but opinion about its choice in
screening is far from being unanimous. The only thing
one must be sure of is that, if a boson is a candidate for
superconductivity, one must expect μ* < μ ~ 0.5 and of
course λ − μ* > 0. The importance of non-adiabatic effects
in fullerides has been discussed at great length [63-65].
To obtain some specific results, we obtain numerical

values for the transition temperature where coupling
parameters are determined and presented in the follow-
ing plots for various conditions. In Figure 1, we show
the result for Tc as a function of μ up to 0.3 for a set of
parameters λer = 1.17 and λra = 0.7. The analytic expres-
sion for Tc from Equation (22) clearly demonstrates that
Tc is strongly influenced by the Coulomb repulsive par-
ameter and is higher for small values of μ. For a set of
coupling parameters μ* = 0.21, λer = 1.17, and λra = 0.7, a
Tc of 34 K is estimated. Now, if we use the enhanced
value of μ, it leads to enhanced μ* accordingly. The net
result is that the increased electron–electron repulsive con-
tribution along with the inter- and intra-molecular phonons
producing an attractive interaction is reduced against the
phonon attraction alone and attributes to suppress Tc. The
present study is essentially based on the application of
strong coupling theory with an additional pairing force; we
have the feeling that such studies describe the dependence
of Tc on different coupling strengths, which has not been
tested carefully and is definitive to impose any constraints
on theoretical approaches.
It is clearly of interest to shed further light on various

coupling strengths. An important feature of Equation
(22) is displayed in Figure 2. We plot Tc as a function of
λer up to 2.0 for a set of parameters μ* = 0.21 and λra = 0.7.
It is noticed from the curve that Tc increases initially
with the enhanced value of λer. For the above set of
parameters, if the present system is strongly coupled,
then one can achieve the higher values of Tc. The values
of coupling parameters as λer (=1.17), λra (=0.7), and
μ* (=0.21) are quite reasonable in view of fulleride
superconductors. We also investigate the effect of the
intra-molecular phonon coupling strength on Tc. Figure 3
shows the variation of Tc for different values of λra, varying
from 0.0 to 0.7. In plotting this curve, we take λer = 1.17
and μ* = 0.21. We see from this graph that Tc is highly
sensitive to λra even for moderate coupling. It is worth to
comment that if we start with a pure inter-molecular
phonon mechanism and later on add a correction term
with moderately coupled intra-molecular phonons, then
in this situation, one can easily enhance Tc values. Even
though, in the present model, we have introduced an
attractive intra-molecular phonon term in an ad hoc
way, we, therefore, do not claim to possess a rigorous
result for the coupling strength parameters. However,
the essence of intra-molecular phonons can be further
verified to see whether by this way one can enhance
Tc and does the inter-molecular phonons play a crucial role
in the attractive pairing mechanism.
We now focus on the relationship between λer and μ*

within the present formalism for Rb3C60 superconductors.
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We plot the variation of λer with μ* in Figure 4. For lower
values of λer, μ* yields unphysical values for a set of para-
meters (Tc = 34 K and λra = 0.7). We expect that within the
present approach, the inter-molecular phonons must be
strongly coupled. Higher and positive μ* implies a constant
repulsive interaction that is insufficient to create a super-
conducting state despite of the additional coupling of intra-
molecular phonons apart from electron-intermolecular
phonon interactions. Correct picture of renormalized
Coulomb repulsive parameter is reflected in these fullerides
with intermediate electron-intra-molecular phonon coup-
ling. We end up by arguing that even if we include the
intermediate coupling of intra-molecular phonon, the result
for μ* is affected by λer in a usual way and is consistent with
the conventional superconductors.
Given the transition temperature, we proceed to calcu-

late and discuss the carbon isotope effect coefficient.
The isotope effect coefficient is

α ¼ 0:5ð Þ dlnTc
dlnω

� �
: ð28Þ

From Equations (22) and (28), the ω dependence of Tc
is introduced in terms of μ* following the relation
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Figure 4 Variations of λer with μ*.
μ*dlnω = dlnμ; this leads to the following result of iso-
tope effect coefficient as

α ¼
1� μ�2 1þ2λerþλ2erð Þ

λeff λer�μ�ð Þ 1þ 4Tc
ωð Þ2

� �� �
2

; ð29Þ

where ω is the average phonon frequency. The mass of
carbon directly influences the inter-molecular phonon
frequency, as ωer ~ [m M/(m+M)]1/2 with m (M) mass
of C60 (K) and a finite value of isotope effect is expected.
Equation (29) yields α ≅ −0.09 which is slightly lower
than the reported value of α = −0.028 ± 0.036, a result
that implies that the inter-molecular optical phonon
plays at most a minor role [12] and consistent with the
results [11]. A shift in Tc is an indication of an important
role of coupling of the conduction electrons with the
displacement of C60 molecule or alkali ions. The reduced
inter-fullerene mass [mM/(m+M)] is definitely small in
comparison with the intra-fullerene mass [(m +M)/2].
The carbon isotope exponent essentially causes the
change in inter-molecular phonon frequency; thus, it is
argued that although intra-molecular phonons do play a
significant role, the participation of inter-molecular pho-
nons cannot be ignored. Figure 5 shows the variation of
estimated isotope effect from Equation (29) with screen-
ing parameter. It is noticed that the BCS one-half value
is recovered for μ* = 0.0. With the increase in μ* values,
the isotope effect exponent decreases for λer = 1.17 and
λra = 0.7. In order to assess further the role of electron–
phonon in the pairing mechanism, we require the total
isotope effect.
However, a reliable alkali metal isotope effect is not

reported for Rb3C60 system, but a negative αRb is docu-
mented that necessarily ruled out the possibility of par-
ticipation of inter-molecular phonon [12]. We expect
that the requirement is to know whether the ratio αc/αRb
or the total isotope effect has a final conclusion about
the role of inter- or intra-molecular phonons in the
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Figure 5 Variation of α with μ*.
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superconducting state. The justification lies in the fact
that the ratio αc/αRb depends on the weights of on-ball
carbon and carbon alkali metal-dominated phonon
modes that are sensitive to λ and μ*. We further expect
that the Coulomb interactions, multi-atomic com-
pounds, anharmonicity, and non-phonon mechanisms
may affect the value of isotope effect exponent and will
be investigated in near future.
As a next step, we focus on the magnitude of the en-

ergy gap parameter as the wide energy scale of phonons
essentially points either weak or strong coupling in
AMIF. The energy gap parameter β is [29,30]

β≅2Δ 0ð Þ=kBTc ¼ 3:52 1þ 5:3ðTc=ωÞ2 ln ω=Tcð Þ� �
ð30Þ

where Δ(0) is the energy gap at zero temperature. The
energy gap parameter provides a measurement of coup-
ling strength for phonon-mediated electron–electron
interaction. Substantial doubts arise on tunneling meas-
urement data [16] which predict significantly higher
values of β in Rb3C60 fullerides. It is therefore of interest
to address this issue.
The energy gap parameter (β ≅ 3.6) is estimated using

ωer as 60.025 cm−1 and Tc of about 4.17 K from Equation
(30). The magnitude of energy gap is higher than the BCS
limit of 3.53 and thus indicates the strong coupling
regime. On the other hand, the gap parameter when
intra-molecular phonons are considered in the pairing
mechanism, is estimated as 3.57 which is close to the
BCS limit where the values ωra = 847.9 cm−1 and Tc = 34 K
are used. This implies that the intra-molecular phonons
require weak interactions with the conduction electrons
and is consistent with the infrared spectroscopy [17,18],
muon spin relaxation rate measurements [19], and nuclear
spin relaxation measurements [20] which strongly favor
the participation of intra-molecular phonons in the
pairing mechanism. Furthermore, the absolute reflectiv-
ity measurements [22] and STM measurements [25] on
Rb3C60 report β = 3 to approximately 5.0, which are
higher than the BCS weak coupling limit, and the elec-
tron–phonon coupling strength cannot be as large as 2.
Thus, one cannot escape stating that the low-frequency
intermolecular phonons are strongly coupled, while the
high-frequency intra-molecular phonons are weakly
coupled. There exists an uncertainty about the energy
gap value in Rb3C60 and from its reduced value; the
relative strength of inter- as well as intra-molecular
phonons is well understood.
We now devote our efforts to reveal several thermodyna-

mical parameters describing the superconducting state in
next subsection. Generally, various thermodynamical para-
meters describing the superconducting state of a supercon-
ductor, for instance the Ginzburg-Landau parameters, the
lower and upper critical magnetic field, average value of
critical magnetic field and the temperature derivative of the
upper critical magnetic field, can be very well estimated by
knowing λL and ξ values and are of great importance. The
present calculations reveal a Fermi velocity vF (≅ 1.6 ×
107 cm s−1) relative to the reported value from LDA elec-
tronic structure calculation for Rb3C60 (1.6 × 107 cm s−1)
[49,50]. A consistent value of vF along with a Tc of 34 K
leads to a BCS coherence length of 6.5 nm using the precise
definition ξ(0) ≅ℏvF/1.76πkBTc which is consistent with
reported value of 4.0 to approximately 5.5 [44]. The Pippard
coherence length in the clean limit is an intrinsic parameter,
and the not-sensitive-to-material properties is related to ξ0
by the relation ξ0 ≃ [ξ(0)ℓ]1/2. Here, we use the value
ξ0 = 2.86 nm which is consistent with the reported
data of 2.0 nm [34,35,44], 3.0 nm [66], and 2 + 0.3,
2–0.2 [34,35] for Rb3C60 fullerenes.
It is interesting to comment that the coherence length

which, even if small, is much larger than the inverse
Fermi momentum. We further estimate the zero
temperature mean free path, ℓ = vFτ ≈ 1.28 nm which is
consistent with the reported value of 0.9 nm [44]. We
note that ℓ is much smaller than the zero temperature
coherence length of 6.5 nm. We feel that the small value
of ℓ is mainly attributed to the disorder, which is present
in all alkali metal intercalated fulleride samples, includ-
ing the best available single crystals. In this situation, i.e.,
ℓ < < ξ0, fullerides are considered to be in the dirty limit.
However, a low value of ℓ of about 1.0 nm is earlier
reported by Ramirez and coworkers [67]. We further de-
duce the effective coherence length following ξ00

−1 = ξ0
−1 + ℓ−1

which leads to a value of about 0.88 nm. Henceforth, it is
convenient to comment that the alkali metal intercalated
fullerides are dirty superconductors defined by ℓ ≤ ξ0, ξ00.
Furthermore, the magnetic penetration depth at

T = 0 K as λL0[=√ (m * c2/4πne2)] estimated as 160 nm is
slightly smaller than the values of 168 nm in Rb3C60 [68].
The consistency is attributed to the proper choice of
transport parameters as effective mass of carriers and car-
rier density as described in the beginning of ‘Results and
discussion’ section. We now study the penetration depth
dependence with temperature following λL(T) = λL(0)
[1 − (T/Tc)

4]−1/2. The variation of λL is shown in
Figure 6 and notice that the curve manifests a power
law consistent with the BCS behavior of penetration
depth in conventional superconductors. As a next step,
we determine the effective penetration depth following
λL00 ¼ λ

L0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þξ00ℓ

�1½ �p , yielding λL00 of about 208.0 nm,

consistent with the earlier estimate of 210 [69], 247 + 10,
247–20 [34,35], 370 nm [19], 460 nm [20], and 800 nm
[22,70]. Furthermore, the lower critical field Hc1 at T = 0 K
is related to the coherence length ξ0, and the London pene-
tration depth λL0 by the relation Hc1 (0) =Φ0 [4πλ2L0]

−1ln
[λL0/ξ0], where Φ0 is the magnetic flux quantum. Deduced
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value of Hc1 (0) is 25.8 mT that is comparable with the ex-
perimental value of 12 mT [34,35], 19 mT [69] and 26 mT
[68]. Given the numbers that emerge from the analysis, it
seems fair to conclude that AMIF is a conventional s-wave
superconductor.
The other thermodynamical parameter as upper critical

magnetic field is of importance as it denotes the magnetic
field above which full magnetic flux penetration takes
place and a transition from the superconducting to the
normal state occurs. The upper critical field in the limit
T→ 0 K is intimately related to coherence length as
Hc2 0ð Þ ¼ Φ0

2πξ0
2 and is obtained as 40 T. Magnetization

measurements reveal a value of about 34 T [68], 55 T [71],
76 T [44], and 78 T [34,35]. Figure 7 shows the variation
of upper critical field with temperature and manifests a
power law following empirical relation: Hc2(T) =Hc2(0)
[1 − (T/Tc)

4].
The average value of critical magnetic field Hc (0) is

found from the relation Hc
2(0) =Hc1(0) Hc2 (0)/ln κ0

(κ0 is the effective Ginzburg-Landau parameter) which is
obtained as Hc (0) = 0.50 T which is consistent with the
published data Hc(0) (=0.44 T) [34,35]. The estimated
value of κ0 = 56 is much lower than the reported value of
84 [68], 90 [69], and 124 [34,35]. Furthermore, the slope of
the upper critical field dHc2/dT is estimated as −1.71T/K,
which is higher than the independent determination of
about −3.8T/K [44]. All the details regarding the thermo-
dynamical variables describing the superconducting state
for alkali metal intercalated fullerides are documented and
listed in Table 1 along with the reported data. A more
careful calculation with the choice of transport parameters
presented in turn the deduced thermodynamical para-
meters which infer that AMIF superconductors belong to
strongly type II superconductor and in a dirty limit.
We now discuss the method of calculation for pres-

sure and volume effect on superconducting transition
temperature in the test material. In order to analyze
the pressure dependence of Tc for Rb3C60 system, we
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Figure 6 Variation of λL (T) as a function of (T/TC)
2.
begin with the earlier developed Equation (25) according
to which,

d lnTc

dP
¼ 1� λra

λer þ λra

� �
d lnT er

c

dP

þ lnωra � lnT er
c

� � d
dP

λra
λer þ λra

� �

þ λra
λer þ λra

� �
d lnωra

dP
: ð31Þ

Keeping in mind that C60 molecules are extremely
rigid; hence, pressure neglecting the pressure-induced
effects of intra-molecular phonons,

d lnωra

dP
¼ dωra

dP
¼ 0: ð32Þ

Henceforth, we rewrite Equation (31) as

d lnTc
dP

¼ 1� λra
λra þ λer

� �
d lnT er

c

dP

þ 1

λer þ λrað Þ2 ln
ωra

T er
c

� �� �
λer

λra
dP

� λra
dλer
dP

� �
ð33Þ

Furthermore,

d lnT er
c

dP
¼ ∂ lnT er

c

∂λ
dλer
dP

þ ∂ lnT er
c

∂ωer

dωer

dP

þ ∂ lnT er
c

∂μ�
dμ�

dP
ð34Þ

Using Equation (22), we get the following results:

∂ lnT er
c

∂λ
dλer
dP

¼ D11
d lnλer
dP

ð35Þ

where



Table 1 Estimated physical parameters of Rb3C60 along with the reported data

Sample number Quantity Symbol Unit Rb3C60 Reference

1 Lattice parameter of C60 A Å 14.20 [1-3]

2 Lattice parameter of K3 C60 A Å 14.45 [1-3]

3 Bulk modulus B GPa 18.0 [59,60]

4 Force constant κ N/m 19.17 -

5 Force constant κ0 N/m 1 κ -

6 Mass of C60 m amu 1,431 -

7 Longitudinal phonon frequency ωL 1013 sec−1 0.8 -

8 K-C distance rmc Å 6.5 -

9 n-n distance rcc Å 10.04 -

10 Mass of alkali atoms M amu. 366.92 -

11 Parameter D1 1013 sec−1 0.52 -

12 Parameter D2 1013 sec−1 0.38 -

13 Inter-molecular phonon frequency ωer cm−1 66.02 -

14 Charge carrier density nc 1021 cm−3 4.0 -

15 Fermi wave vector kF 107 cm−1 4.9 -

16 Effective mass m* me 3.6 [58,73,74]

17 Fermi velocity vF 107 cm sec−1 1.6 [49,50]

18 Fermi energy εF eV 0.25 0.2 to approximately 0.3 [4,5,38,63,64]

19 Plasma frequency ωp eV 1.2 1.1 [70]

20 Density of states N(0) States/eV/spin 8.1 -

21 Screening length κs−1 Å 0.99 -

22 Dielectric function ε∞ 4.4 [61]

23 Coulomb repulsive parameter μ 0.90 -

24 E-P coupling strength λer 1.17 -

25 Modified Coulomb parameter μ* 0.21 -

26 Effective coupling strength λeff 0.57 -

27 Numerical function t(λer) 1.08 -

28 Transition temperature Tc
er K 4.17 -

29 Scattering rate τ 10−14 s 0.8 0.7 ± 0.3 [73,74]

30 Intra-molecular phonon coupling strength λra 0.7 0.7

31 Normalized coupling parameter ^ 0.37 -

32 Transition temperature Tc K 34.0 29.6 [1-3,34,35]

33 Coupling ratio σ(=λer/λra) 1.67 -

34 Isotope exponent α 0.30 0.37 ± 0.05 [10], 0.21 ± 0.012 [11]

−0.092 −0.028 ± 0.06 [12], 0.21 [63,64], 0.32 ± 0.05 [67],
−0.028 ± 0.06 [12]

35 Energy gap parameter β 3.63 2.98 [17], 3.0 [18], 3.1 [20,21], 3.6 [19], 4.1 [24],
4.2 ± 0.2 [23], 5.2 ± 0.3 [16], 5.3 [25]

36 London penetration depth λL0 nm 160 168 [68]

37 Coherence length ξ0 nm 2.86 2.0 [34,35,44], 3.0 [66]

38 Mean free path ℓ nm 1.28 0.9 [44], 1.0 [67]

39 Effective penetration depth λL00 nm 208 210 [69], 247 + 10, 247 to 20 [34,35], 370 [19],
460 [20], 800 [22,70]

40 Effective coherence length ξ00 nm 0.88 -

41 Ginzburg-Landau parameter κ0 56 84 [68], 90 [69], 124 [34,35]
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Table 1 Estimated physical parameters of Rb3C60 along with the reported data (Continued)

42 Lower critical field Hc1(0) mTesla 25.88 12 [34,35], 19 [69], 26 [68]

43 Upper critical field Hc2(0) Tesla 40 34 [68], 55 [71], 76 [44], 78 [34,35]

44 Critical field Hc(0) Tesla 0.50 0.44 [34,35]

45 Temperature derivative of Hc2 dHc2/dT Tesla/k −1.71 −3.8 [44]

46 Pressure constant D11 - 1.95 -

47 Pressure constant D22 - −1.13 -

48 Pressure derivative of plasma frequency dlnωp/dP %GPa−1 2.77 -

49 Pressure derivative of density of states
at Fermi level

dlnN(o)/dP %GPa−1 −3.70 −14.5 [36]

50 Pressure derivative of inter-molecular
phonon frequency

dlnωer/dP %GPa−1 11.11 -

51 Gruneisen parameter γG 2.0 2.0 [36]

52 Pressure derivative of coupling strength dlnλer/dP %GPa−1 −25.92 -

53 Pressure derivative of Coulomb repulsion dlnμ*/dP %GPa−1 −0.47 -

54 Logarithmic pressure derivative of Tc dlnTc/dP %GPa−1 −29.41 −31.0 [36]

55 Slope dTc/dP K GPa−1 −9.9 −9.7 [34,35,37]

56 Volume derivative of coupling strength dlnλer/dlnV 2.74 3.7 [72]

57 Residual resistivity ρ0 m Ω cm 0.22 0.22 [73,74]

58 Product kFℓ 6.27 -

59 Product εFτ 3.04 -

Varshney et al. Journal of Theoretical and Applied Physics 2012, 6:25 Page 14 of 23
http://www.jtaphys.com/content/6/1/25
D11 ¼
λer

1þ 2μ∗ þ 0:28λ2erμ
∗t λerð Þ

� 0:28λerμ∗2t λerð Þ þ μ∗2t λerð Þ
λer � μ∗ð Þ2

�
1þ exp

2þ 4μ∗ þ 2λerμ∗t λerð Þ
λer � μ∗

� �� ��1

þ exp
2þ 4μ∗ þ 2λerμ∗t λerð Þ

λer � μ∗

� �� ��2

2
6664

3
7775

ð36Þ

We use the following

∂ lnTer
c

∂ωer

dωer

dP
¼ d lnωer

dP
ð37Þ

and

∂ lnTer
c

∂μ∗
dμ∗

dP
¼ D12

d lnμ∗

dP
; ð38Þ

D12 ¼ � μ � 1þ 2λer þ λ2ert λerð Þ� 
λer � μ∗ð Þ2

1þ exp
2þ 4μ∗ þ 2λerμ∗t λerð Þ

λer � μ∗

� �� ��1

þ exp
2þ 4μ∗ þ 2λerμ∗t λerð Þ

λer � μ∗

� �� ��2

2
66664

3
77775

ð39Þ
Combining these, we write

d lnTer
c

dP
¼ D11

d lnλer
dP

þ d lnωer

dP
þ D12

d lnμ∗

dP
ð40Þ
Herein, the first and the third terms are dependent on
the variation of the N(0) with pressure.
In order to make progress, we have used the value

B = 18 GPa and εF = 0.25 eV as documented in the previous
section. The free electron gas result dlnN(0)/dP = (−2/3) κT,
where κT (approximately B−1), is the thermal compressibil-
ity. The calculated value of dlnN (0)/dP is about −3.70%
(GPa)−1. However, Diederich and coworkers reported a rate
of about −14.5% (GPa)−1 [36] although of limited accuracy.
From Equations (11) and (13), we write

d lnμ∗

dP
¼ d lnN 0ð Þ

dP
μ∗

μ

� �
� μ∗

2d lnωp

dP
� d lnN 0ð Þ

dP
� d lnωer

dP

� �

ð41Þ

d lnλer
dP

¼ d lnN 0ð Þ
dp

� d ln ω2
er

� �
dP

; ð42Þ

where the pressure dependence of the quantity < I2 > has
been neglected. Using Equations (41) and (42) into
Equation (40), we obtain:

d lnTer
c

dP
¼ D11 þ D12

μ∗

μ

� �
þ D12μ

∗

� �
d lnN 0ð Þ

dP

þ 1� 2D11 þ D12μ
∗½ � d lnωer

dP
� 2D12μ

∗ d lnωp

dP
ð43Þ

Here, we assume: dlnλra/dP ≈ dlnN (εF)/dP, dln < ωer
2 >/

dP ≈ 2dln < ωer>/dP and dln < ωer>/dP ≈ dlnωer/dP. The
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free electron estimate for dlnωp/dP = 1/2B yields a value
of about 2.77% (GPa)−1. We follow γG = B dln < ω>/dP
to obtain dlnωer/dP = 11.11% (GPa)−1, using γG = +2 as
earlier reported [37]. The parameters needed for further
calculations are obtained as D11 = 1.95 and D12 = −1.13
from the values of λer = 1.17, μ = 0.90, and μ* = 0.21.
Using Equations (33) to (43), we find the value of dlnμ*/
dP = −0.47% (GPa)−1, dlnλer/dP = −25.92% (GPa)−1, dlnλra/
dP = −3.70% (GPa)−1, dlnTc

er/dP is −38.89% (GPa)−1,
dlnTc/dP = −29.41% (GPa)−1is well consistent with the ex-
perimental data dlnTc/dP = −31.0%/(GPa) [36] and slope
dTc/dP = −9.9 K/GPa which is well consistent with the
earlier reported value [34,35,37] of −9.7 K/GPa. Figure 8
shows the variation of Tc with pressure along with the ex-
perimental data. For fitting of the data, we have employed
the relation Tc (P) = Tc (0) exp [−0.2γP] using γG = + 2
[36]. We follow the discussion and results of Sparn and
coworkers who fit the data using Tc (P) = Tc (0) exp [−γP]
with γ = 0.44 ± 0.03 GPa−1 [34,35]. We therefore reach the
conclusion that the logarithmic derivative of the Coulomb
pseudopotential with pressure, dlnμ*/dP, is smaller as
compared to the other logarithmic derivatives involved in
the expression of superconducting transition temperature
as we dealt with.
We appeal from the model calculations that the pressure

dependence of Tc in fullerides shows its metallic characte-
ristic. In principle, the electron–phonon coupling para-
meter is directly proportional to the density of states at the
Fermi level and inversely proportional to appropriately
averaged square of the inter-molecular optical phonon fre-
quency. The variation of Tc with pressure is thus
dependent on the variation of the density of states at Fermi
level, the Coulomb pseudopotential, and the variation of
the characteristic phonon frequency with pressure. We end
by stating that both Tc and its pressure dependence in
Rb3C60 are dictated by the properties of both inter- and
intra-molecular vibrations. To test this idea, it will also be
interesting to investigate the volume derivative of Tc.
0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

10

20

30

40
Rb3C60

 Experimental
 Theoretical

T
C
(K

)

P (GPa)

Figure 8 Variation of Tc with pressure. Closed circles represent
the experimental data taken from Sparn et. al. [34,35].
We now explore our efforts in studying the volume
derivative of Tc or dTc/dV. Such studies point to either
weak or strong coupling of mediating bosons. We note
that due to extreme rigidity of C60 the compression
contracts the weak inter-molecular bonds and high-
energy intra-molecular bonds are unaffected. With these
considerations, Equation (25) simplifies to the following
relation,

dTc

dV
¼ Ter

c
d
dV

ωra

Ter
c

� �Λ
þ ωra

Ter
c

� �Λ dTer
c

dV
ð44Þ

which leads to the following result

dTc

dV
¼ 1� Λð Þ ωra

Ter
c

� �Λ dTer
c

dV
ð45Þ

With an assumption that intra-molecular phonons are
independent in any change of the volume [69],

d lnωra

dV
¼ dωra

dV
¼ 0 ð46Þ

Following Equation (22), we write

dTer
c

dV
¼ 0:25

exp 2=λeff
� � 1

� �1=2 � dωer

dV

þ exp 2=λeff
� 

exp 2=λeff
� � 1

� �3=2 � 0:25ωer

λ2eff

 !
dλeff
dV

ð47Þ

where,

dλeff
dV

¼

1þ 2μ∗ þ μ∗2t λerð Þ
� 0:28λerμ∗2t λerð Þ þ 0:28λ2erμ

∗t λerð Þ
1þ 2μ∗ þ λerμ∗t λerð Þð Þ2
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>>>:

9>>>=
>>>;

dλer
dV

� 1þ 2λer þ λ2er :t λerð Þ
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dμ∗

dV

ð48Þ

Using Equations (49) and (47), we write

dTc

dV
¼ D21

dωer

dV
þ D22

dλer
dV

� D24
dμ∗

dV
ð49Þ

Here, we define

D21 ¼ V00
0:25

exp 2=λeff
� � 1

� 1=2
( )

; ð50Þ
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and

D23 ¼ V00
exp 2=λeff
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exp 2=λeff
� � 1

� 3=2 � 0:25ωer

λ2eff

( )

1þ 2λer þ λ2ert λerð Þ
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where

V00 ¼ ωra=T
er
c

�  λra
λerþλra 1� λra

λer þ λra

� �
ð53Þ

Furthermore, the logarithmic volume derivative of the
coupling parameter λ follows:

d lnλ
d lnV

¼ B
d lnN 0ð Þ

dP
þ 2γG ð54Þ

leads to the ratio

Φ ¼ d lnλ
d lnV

ð55Þ

with the values of B, dln N (εF)/dP and dln < ω>/dP dis-
cussed earlier, we find Φ = 5.3 for Rb3C60. In passing, we
note that the value of Φ for AMIF is comparable to the
value of Φ = 3.7 for usual metals as aluminum [72].
To ascertain the physical significance of the volume

derivative of Tc, we estimate the parameters as D21 = 0.23,
D22 = 36.94, and D23 = −115.56 from the earlier mentioned
values of various coupling strengths. Looking at Equation
(49), dTc/dV is being influenced by (a) volume dependence
of screening parameter, (b) volume dependence of inter-
molecular vibrational mode, (c) volume dependence of
inter-molecular phonon coupling strength, and (d) the
intra-molecular phonon frequency as well as the various
coupling parameters independent of volume. Because of
the difficulties in determining the volume derivative of
molecular phonon frequency, we are only able to provide
some suggestive formal argument below.
Generally, the compression increases the bandwidth;

hence, the εF resulted in the reduction of renormalized
screening parameter. We note that the Coulomb repulsion
suppresses Tc as is being noticed from Figure 1. Hence-
forth, the contribution to dTc/dV proportional to dμ*/dV is
negative. We follow Crespi and Cohen [73,74] who argue
that the logarithmic dependence of μ* on εF points to the
fact that volume derivative of μ* is small in magnitude. A
natural argument follows that the volume derivative of t(λ)
and of μ* is small compared to dλ/dV; henceforth, we
neglect these two terms in Equation (49). In summary,
inter-molecular phonon frequencies are influenced under
compression modes and if superconductivity in the fuller-
enes arises from coupling to inter-molecular phonons, then
this argument implies strong electron–phonon coupling.
Thus, we expect that the volume derivative of transition
temperature is positive and large in AMIF.
We now discuss and compute numerically the response

of resistivity in Rb3C60. In usual metals, the electron–pho-
non scattering is a major source of temperature-dependent
resistivity and can describe the normal state transport prop-
erties. However, apart from electron–phonon scattering,
other scattering mechanisms as electrons scatter off impur-
ities, defects, grain boundaries, and disordered regions lead
to a temperature-independent contribution. Let us begin
with the estimation of the temperature-independent contri-
bution to resistivity.
Information of zero temperature elastic scattering rate

and plasma frequency will allow us to have an independent
estimation of zero temperature-limited resistivity. The zero
temperature scattering rates are related through the upper
critical magnetic field Hc2 (0). Following the two-square-
well analysis of Eliashberg theory, Carbotte suggested that
the strong coupling corrections are important and a rescal-
ing factor of 1+ λ appears in the modified BCS results [75].
The Matsubara gap function, which is related with upper
critical magnetic field, yields

1þ λ

λ� μ�
¼ 2π

T
Tc

XNc

m¼0

1

χ�1
m

–ωmð Þ � 2τð Þ�1 ð56Þ

–ωm being the Matsubara frequency, within the standard
two-square-well model and is –ωm = ωm (1 + λ) + (2τ)−1

(sgn ωm), λ is the electron–phonon coupling strength with
cut off at Nc, and τ the scattering time. In this approxima-
tion, Nc follows [75]

Nc ¼ 1
2

ω

πT
þ 1

h i
ð57Þ

μ* is the renormalized Coulomb repulsive parameter
and the factor χm appearing in Equation (56) is

χm
–ωmð Þ ¼ 2ffiffiffiffiffi

ξ�
p Z1

0

exp �q2
� 

tan�1 ϕð Þdq; ð58Þ

with
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ϕ ¼ q
ffiffiffiffiffi
ξ�

p
2mþ 1ð Þπ T

Tc

h i
þ 1

2τ�
� � : ð59Þ

The upper critical magnetic field is related through

ξ� ¼ 1
2
eH�

c2v
�2
F ð60Þ

The physical quantities appearing in equations (56–60)
involve renormalized values as

H�
c2 ¼

Hc2

1þ λð ÞTc
; ð61Þ

v∗F ¼ vFffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ λð ÞTc

p ; ð62Þ

and impurity scattering time

τ∗ ¼ τ

1þ λð ÞTc
ð63Þ

These equations differ from the BCS limit, as the
renormalizations in ξ*, vF*, H*c2, and τ* are introduced.
These expressions are valid for any impurity concentra-
tion described in Equations (56) to (60) by scattering
time. In the present analysis, Pauli limiting has been
neglected as an approximation due to relatively small
value of dHc2/dT [1/(1 + λ)] in alkali metal intercalated
fullerenes [76]. In principle, the above approach
describes quantitatively the renormalization of the phys-
ical properties due to the electron–phonon interaction
and is therefore reduced by 1+ λ.
The zero temperature-limited resistivity is expressed as

ρ 0ð Þ ¼ 4πτ��1

ω2
p

ð64Þ

From the above, it is noticed that the determination of
scattering rate essentially needs the Coulomb repulsive
parameter, electron phonon coupling strength, Fermi
velocity, plasma frequency, and the upper critical mag-
netic field. This allows one to estimate the zero
temperature-limited resistivity independently.
We use the earlier deduced value of Hc2 (0) = 40 Tesla,

Tc = 34K, vF =1.6 × 107 cm sec−1, and ωp = 1.2 eV to esti-
mate the zero temperature elastic scattering rates which is
obtained as 0.8 × 10−14 s and is consistent to the experi-
mental value τ (= 0.7 ± 0.3 × 10−14 s) as those derived from
the superconducting fluctuation measurements [41,73,74].
It is attributed to the fact that the larger the electron mass,
the smaller the plasma frequency and hence reduced zero
temperature elastic scattering rate. We have earlier esti-
mated the zero temperature mean free path, ℓ of about
1.28 nm which is highly sensitive for carrier scattering.
We further find that the product kFℓ (approximately 6.27)
seems to be much larger than the unity which indicates
the metallic characteristics. It is worth to mention that the
product εFτ > > 1 in the test material refers to the fact that
the doped fullerides fall in the weak scattering limit. This
is however, consistent with the s-wave superconductors.
With these parameters, we estimate that the zero
temperature-limited resistivity (ρ0 = 0.22 m Ω cm) is con-
sistent with the reported value [73,74] and is used later to
estimate the electron–phonon resistivity.
We complete our model calculations by looking at the

temperature-dependent resistivity for Rb3C60 supercon-
ductors. To formulate a specific model, we start with the
general expression for the temperature-dependent part
of the resistivity [77] given by

ρ ¼ 3π
ℏe2v2F

Z2kf
0

v qð Þj j2 S qð Þj j2 1
2kF

� �4

q3dq; ð65Þ

where v (q) is the Fourier transform of the potential
associated with one lattice site, and S(q) the structure
factor, and following the Debye model, it takes the fol-
lowing form

S qð Þj j2≈ kBT
Mv2s

f ℏω=kBTð Þ ð66Þ

f xð Þ ¼ x2 ex � 1½ ��1 1� e�x½ ��1 ð67Þ
f(x) represents the statistical factor.
Thus, the resistivity expression leads to

ρ≈
3

ℏe2v2F

� �
kBT
Mv2s

Z 2kF

0
v qð Þj j2

ℏω=kBTð Þ2q3dq
exp ℏω=kBTð Þ � 1ð Þ 1� exp �ℏω=kBTð Þð Þ

" #
;

ð68Þ
where vs is the sound velocity. Equation (68) in terms of
inter-molecular phonon contribution yields the Bloch-
Gruneisen function of temperature-dependent resistivity:

ρer T ; θerð Þ ¼ 4Aer T=θerð Þ4

� T
Zθer=T
0

x5 ex � 1ð Þ�1 1� e�xð Þ�1dx;

ð69Þ
where x =ℏω/kBT, while Aer is the constant of propor-
tionality defined as

Aer≅
3π2e2kB

k2Fv
2
s Lℏv

2
FM

ð70Þ

In view of inelastic neutron scattering measurements,
the phonon spectrum can be conveniently separated into
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two parts of phonon density of states [6,7]. Therefore, it
is natural to choose a model phonon spectrum consist-
ing of two parts: an inter-molecular phonon frequency
ωer (θer) and an intra-molecular phonon frequency
ωra (θra). If the Matthiessen rule is obeyed, the resistivity
may be represented as a sum ρ(T) = ρ0 + ρe-ph (T), where
ρ0 is the residual resistivity that does not depend on
temperature as described earlier. On the other hand, in
case of the intra-molecular phonon spectrum, ρra (T) may
be described as follows

ρra T ; θrað Þ ¼ Araθ
2
raT

�1 exp θra=Tð Þ � 1½ ��1

� 1� exp �θra=Tð Þ½ ��1; ð71Þ
where Ara is defined analogously to Equation (70). Fi-
nally, the phonon resistivity can be conveniently mod-
eled as

ρe�ph Tð Þ ¼ ρer T ; θerð Þ þ ρra T ; θrað Þ: ð72Þ

Henceforth, the total resistivity is now rewritten as

ρ T ; θer ; θrað Þ ¼ ρ0 þ ρer T ; θerð Þ þ ρra T ; θrað Þ

¼ ρ0 þ 4Aer T=θerð Þ4T
�
Z θer=T

0
x5 ex � 1ð Þ�1 1� e�xð Þ�1dx

þAraθ
2
raT

�1 exp θra=Tð Þ � 1½ ��1

1� exp �θra=Tð Þ½ ��1: ð73Þ

Though this is a purely phenomenological expression,
it seems to provide a reasonable description of the
available experimental data. Now, we proceed to evalu-
ate the temperature-dependent contribution in Rb3C60

superconductor.
Figure 9 illustrates the results of temperature depend-
ence of resistivity via the ordinary electron–phonon
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Figure 9 The results of temperature dependence of resistivity
via the ordinary electron–phonon interaction from Equation
(73). Variation of ρe − ph with temperature. The contribution of ρer as
well of ρra to the resistivity.
interaction from Equation (73) with our choice of inter-
molecular phonon frequency ωer (=95 K) and intra-
molecular phonon frequency ωra (=1,220 K). The
contributions of inter-molecular and intra-molecular
phonon towards resistivity are shown separately along
with the total resistivity. It is inferred from the curve
that ρer increases linearly, while ρra increases exponen-
tially with the increase in temperature. Both the contri-
butions are clubbed together, and the resultant resistivity
is exponential at low temperatures and nearly linear at
high temperatures until room temperature.
Our numerical results on temperature dependence of

resistivity of Rb3C60 are plotted in Figure 10 along with
the single crystal data [41]. It is noticed from the plot
that the estimated ρ is lower than the reported data from
Tc to near room temperature. Deduced values of the
temperature-dependent ρ from Equation (73) appear
low, as ρ0 and ωp values are the constraints for the
present analysis. Thus, estimated model parameters (λ, μ*,
vF, ωp, τ, and ρ(0)) represent a good set of parameters for
the estimation of normal state resistivity in alkali metal
intercalated fullerides. Nevertheless, the role of electron–
phonon interaction is better exploited and found promin-
ent in the interpretation of normal state transport
parameters.
The difference between the measured ρ and calculated

ρdiff. [=ρexp. − {ρ0 + ρe−ph (=ρer + ρra)}] is plotted in Figure 11.
A power temperature dependence of ρdiff. is inferred at low
(approximately 22 to 200 K) temperature, and it becomes
almost saturated at higher temperature. The quadratic
temperature contribution at low temperature for resistivity
is an indication of conventional electron–electron scatter-
ing. The feature of quadratic temperature dependence of
ρdiff. is similar to that of electron-doped cuprate and bis-
muthate superconductors, which is an artifact of electron–
electron scattering [78,79]. The departure from linear T2

behavior of ρdiff may be due to the dimensionality crossover
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if any. The additional term due to electron–electron contri-
bution was required to understand the resistivity behavior,
as extensive attempts to fit the data with residual resistivity
and phonon resistivity were unsuccessful. It is noteworthy
to comment that in conventional metals, the electron–elec-
tron contribution to the resistivity can at best be seen at
higher temperatures due to its small magnitude at low
temperature when comparison is made with phonon con-
tribution. We have thus demonstrated the role of
electron–phonon scattering versus electron–electron
interaction effects in determining the normal state
resistivity of fullerides.
The existence of quadratic temperature dependence of

resistivity over a wide temperature interval permits one
to believe that the electron–electron scattering is also
significant in determining the resistivity in alkali metal
intercalated fullerides. It is worth to refer to an earlier
work of Thompson [80], who postulated the power
temperature dependence of electro-resistivity in TiS2 as
a consequence of low carrier concentration. Correlating
this concept, alkali metal intercalated fullerenes have
definitely low carrier concentration (approximately
1021 cm−3) and may result in a large enhancement of
power temperature dependence of electrical resistivity
even up to room temperature.
In this manner, one can shed further light by correlating

the magnitude of electron–electron contribution to resist-
ivity with plasma frequency. If the quadratic temperature
dependence of resistivity is a cause of three-dimensional
electron–electron scattering (umklapp), then its magnitude
should depend on the carrier concentration n as n−5/3 or
equivalently on the plasma frequency as ωP

−10/3. In this sce-
nario, we estimate ρee of about 0.6 m Ω cm (as illustrated
in Figure 3) with ωP

−10/3 as 0.54 (eV) −10/3 for ρ0 value of
0.22 m Ω cm in the vicinity of room temperature. In con-
clusion, both qualitatively and quantitatively, our results
strongly suggest that all the three scales as Coulomb,
acoustic, and optical phonons are important in high-Tc
cuprates.
In passing, we note that Crespi and coworkers have

argued that electron–electron scattering mechanism is
contributing to the normal state resistivity of Rb3C60

superconductors [46]. Furthermore, they have used
Ziman's formula in analyzing the single crystal Rb3C60

resistivity data. While interpreting the data, they have
used the value of coupling strength, i.e., λhigh and λlow,
as well as the molecular phonon frequencies from vari-
ous theoretical models of the electron–phonon coupling,
and using α2 F(ω) corresponding to a uniformly scaled
version of the inelastic neutron scattering intensity. On
the other hand, in the present model calculations, we
have used the coupling strength for electron–phonon
coupling as deduced from the density of states, elec-
tron–phonon interaction matrix, and the inter- and
intra-molecular phonon frequency. The electron-ion
matrix is derived from the Coulomb potential with static
dielectric function in the long wavelength limit. Interest-
ingly, the enhanced density of states adds the screening
effect, which is properly incorporated in Coulomb
potential.
Finally, we refer to a recent photoemission spectra

analysis of Rb3C60 that points to the metallicity of AMIF
as a result of charge fluctuation that occurs due to com-
petition between the electron–electron as well as elec-
tron–phonon interaction [81]. However, there are
several reports which emphasize the importance of in-
cluding both interactions in the understanding of fuller-
ides [82]. Thus, one cannot escape stating that the
temperature dependence of normal state resistivity in al-
kali metal doped fulleride is better understood by the
three component model as ρ = ρo + ρe−ph + ρe−e. More-
over, considering the fulleride problem, one cannot rule
out that all the energy scales ωer (inter-molecular vibra-
tions), ωra (inter-molecular vibrations), and ωc (the
Coulomb interactions) are essential for retrieving the
documented behavior of normal state resistivity.
We comment that besides electrical resistivity in

doped fullerides, the high Tc, the pressure effect, the
coupling strengths, the retardation effects, and the com-
petitive nature of electron-inter-molecular, electron-
intra-molecular interactions, and Coulomb screening are
significant in fulleride superconductors [83-91].

Conclusion
In this communication, we have devoted our efforts in
revealing the attractive pairing mechanism and various
physical parameters of alkali metal intercalated fullerene
superconductor within the framework of strong coupling
theory. The particular system chosen for the study,
because huge experimental data is available, consistent
explanation is timely needed. Considering the three-
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dimensional Rb3C60 as a diatomic lattice of Rb and C60,
we have derived expression for inter-molecular (acoustic
and optical) phonon modes. Considering the importance
of experimental constraints on high temperature super-
conducting theories, we have properly used the Bulk
modulus as well as other structural parameters. The
inter-molecular optical phonon frequency obtained and
used frequency of intra-molecular phonon are in con-
sonance with the recent theoretical and experimental
findings. We have employed the superconducting state
parameters, i.e., (a) the transition temperature (Tc), (b)
the carbon isotope effect (α), (c) the energy gap param-
eter (β), (d) the pressure as well as volume effect on Tc,
(e) the thermodynamical parameters describing the
superconducting state, and (f ) the electrical resistivity in
alkali metal intercalated fulleride superconductors. We
have presented our results on AMIF in terms of s-wave
pairing state.
The appropriateness of the proposed approach

depends on proper consideration of the structure for
8 N C60-Rb bonds, out of which 4 N are at octahedral
position and 4 N take the tetrahedral sites. Due to the
simplicity of the approach, the estimated values of Tc, α,
β, and d Tc/dP are consistent with the reported data.
The deduced value of coupling strength for the inter-
molecular phonons (optical) favors the strong coupling
mechanism. By finding that intra-molecular phonons do
play a significant role, we have obtained a steep increase
in Tc. Unlikely, the coupling strength for intra-molecular
phonons is an indicative of weak coupling theory.
Although, in the present investigation, we have intro-

duced the intra-molecular phonons in an ad hoc way
and obtained an analytical result, we do not claim it to
be a rigorous expression. However, it is illustrated that
the intra-molecular phonon pairing mechanism must be
a viable mechanism for alkali metal fullerides. Various
reports strongly favor the intra-molecular vibrations as a
key source of superconductivity and claim that inter-
molecular phonons will not induce the state; still we be-
lieve and argue that both the inter- and intra-molecular
phonons participate in the superconducting state as well
as essential for superconducting fulleride properties as
transition temperature, carbon isotope effect, energy gap
parameter, and pressure effect. Our results are of interest
and provide a test of the possibility of the cooperative
mechanism in alkali metal fulleride superconductors.
To account for high Tc in doped fullerides, we have

studied carefully the dependence of Tc on various coup-
ling strength parameters and we found the condition
μ* < μ, λer(λra) − μ* > 0 for high Tc superconductivity. We
find that Tc strongly depends on the Coulomb repulsive
parameter and is higher for small values of μ. Also, using
the scaling factor as ωer while estimating the screening
parameter, we correctly represent the retardation effects
that are small. As the Fermi energy is larger at least an
order of magnitude by inter-molecular phonons, the re-
tardation effects are expected to be very small. On the
other hand, the Fermi energy and intra-molecular phonon
frequency are almost of similar order; hence, vertex cor-
rection becomes important because the Migdal the-
orem does not hold and the frequency dependence of
the effective Coulomb interaction must be considered in
fullerides.
Although we have provided a simple phenomeno-

logical explanation of screening parameter in fullerides,
there is clearly a need for a detailed theoretical under-
standing of vertex corrections and shall be covered in
near future. Generally, energy ωb is presented as charac-
terizing bosons (ωer or ωra), but opinion about its choice
is far from being unanimous. Lastly, Tc increases steeply
with the enhanced value of either λer or λra value. It is
fair to comment that this is not the first time a domin-
ant signature of intra-molecular phonons for supercon-
ducting state is claimed.
A central prediction of the proposed approach is the

evaluation of the carbon isotope effect exponent. The
analysis predicts a reduced value of α when comparison
is made with the BCS limit. Reduced α value strongly
favors the strong coupling mechanism in Rb3C60. While
considering the inter-molecular phonons using the
obtained Tc

er, the energy gap appears higher, while when
intra-molecular phonons are considered, the energy gap
is comparable with the BCS result. We argue that the
reduced value of α essentially points to the large Coulomb
repulsion apart from large electron–phonon coupling
strength. Deduced results on α and β are consistent with
the earlier reported data. It is inferred that electron pairing
with inter-molecular phonons would lead to a strong coup-
ling, while with the intra-molecular phonons require weak
coupling mechanism. Although several reports strongly
favor the intra-molecular vibrations as a key source of
superconductivity and claim that inter-molecular phonons
will not induce the state, the present analysis reveals that
both the inter- and intra-molecular phonons participate in
the superconducting state.
In addition, the model calculations reveal that the co-

herence length which, even if small, is much larger than
inverse Fermi momentum. The zero temperature mean
free path, ℓ , is much smaller than the zero temperature
coherence length. We hope that the small value of ℓ is
mainly attributed to the disorder, which is present in all al-
kali metal intercalated fulleride samples, including the best
available single crystals. In this situation, i.e., ℓ << ξ0, full-
erides are considered to be in the dirty limit. Henceforth,
it is convenient to comment that the alkali metal interca-
lated fullerides are dirty superconductors of type-II.
The appreciation of the model calculations with both

Coulomb and molecular (inter and intra) phonons is
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revealed from the fact that several experimental facts
concerning the superconducting state in alkali metal
intercalated fullerides turn out to be explained in this
work. We have also discussed the pressure dependence
of dTc/dP. We expect from the model calculations that
the pressure dependence of Tc demonstrates the metallic
behavior. The appreciation reveals that the developed
expression yields a value of dTc/dP close to the reported
data. In principle, the electron–phonon coupling param-
eter is directly proportional to the density of states at
the Fermi level and inversely proportional to appropri-
ately averaged square of the molecular phonon fre-
quency. The variation of Tc with pressure is thus
dependent on the variation of the Fermi level density of
states, the Coulomb pseudopotential, and the variation
of the phonon frequency with volume. The pressure ef-
fect in AMIF is huge; pressure derivative of Tc is nega-
tive, while the volume derivative of Tc is positive. We
end by stating that both Tc and its pressure (volume) de-
pendence in Rb3C60 are dictated by the properties of
inter- and intra-molecular vibrations.
Furthermore, we showed that the volume derivative of

Tc is being influenced by (a) volume dependence of
screening parameter, (b) volume dependence of inter-
molecular vibrations, (c) volume dependence of intermo-
lecular phonons, and (d) the intra-molecular phonon
frequency, as well as the various coupling parameters in-
dependent of volume. Generally, the compression
increases the bandwidth; hence, the εF resulted in the re-
duction of renormalized screening parameter. Usually,
the Coulomb repulsion suppresses the Tc. Henceforth,
the contribution to dTc/dV proportional to dμ*/dV is
negative. In continuation, the volume derivative of t(λ)
and of μ* is small compared to dλ/dV. We believe that
inter-molecular phonon frequencies are influenced
under compression modes and if superconductivity in
the fullerenes arises from coupling to inter-molecular
phonons, then this argument implies strong electron–
phonon coupling. Mention may be made that in AMIF,
the volume derivative of transition temperature is posi-
tive and large.
Within the framework of Bloch-Gruneisen theory, we

find that the normal state resistivity of alkali metal-
doped fullerenes is consistent with single crystal data for
Rb3C60 superconductors. Keeping in mind the import-
ance of experimental constraints on theories, we have
properly used the structural information like intra-
molecular and inter-molecular phonon frequencies. We
succeeded in explaining the normal state resistivity and
other associated transport parameters by the electron–
phonon interaction. We have first estimated the zero
temperature elastic scattering rate with the use of the
parameters (λ, μ*, vF, τ, Hc2 (0), and ωp) from the devel-
oped approach. Furthermore, the zero temperature mean
free path is found to be smaller than the zero
temperature coherence length.
The larger mean free path and product kFL > > l favor

the metallic conduction. Hence, the use of Bloch-
Gruneisen expression in estimating the electron–phonon
contributions is appropriate. It is noticed that contribu-
tion from inter-molecular phonon and intra-molecular
phonon together with the zero temperature-limited re-
sistivity is smaller than the reported data on the single
crystal. The temperature dependence of resistivity in
doped fullerides can be conveniently described by the
usual electron–phonon interaction. In view of inelastic
neutron scattering data, the phonon spectrum is con-
veniently separated into two parts, inter-molecular and
intra-molecular phonons. The high-energy intra-molecu-
lar phonon yields a large contribution to the resistivity.
In turn, large value of electron–phonon coupling
strength is no doubt from the intra-molecular phonons.
We note that the product εFτ > > 1 in the test material
refers to the fact that the doped fullerides fall in the
weak scattering limit.
When the subtracted data is plotted as a function of

T2, a clear straight line is depicted from 34 to 200 K, but
it becomes saturated at further higher temperature. The
observation of T2 dependence points toward the elec-
tron–electron scattering and departure from T2 behavior
is an outcome of dimensionality crossover, if any, in
these alkali metal intercalated fullerides. The additional
term due to electron–electron contribution was required
in understanding the resistivity behavior, as extensive
attempts to fit the data with residual resistivity and pho-
non resistivity were unsuccessful. The magnitude of the
resistivity is high for a metallic system, indicating a small
density of carriers participating in the electrical
conduction.
The zero temperature-limited resistivity is also a large

fraction of the total resistivity at room temperature,
which suggests that a large amount of impurity scatter-
ing is present. The large residual scattering is also sus-
ceptible to the phonon drag, and as a consequence, it
decreases even in the single crystals. This presence of
strong elastic scattering of electrons due to disorder may
play a role in reducing the temperature dependence due
to scattering by phonons below the T5 behavior seen in
good metals with small elastic scattering, or the power
temperature behavior may arise from electron–electron
scattering in Fermi liquid. We have thus demonstrated
that apart from electron–phonon, electron–electron
scattering is also important. Henceforth, using the resist-
ivity probe, we have carefully examined the normal state
resistivity in AMIF and found that power temperature
dependence is essentially of the same feature as those
revealed in electron doped cuprate and in alkali metal-
doped barium bismuthate superconductors.
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In conclusion, the electron pairing in fulleride super-
conductors and a consistent interpretation of the prop-
erties viz. transition temperature, carbon isotope effect,
energy gap parameter, pressure and volume effect on Tc,
thermodynamical parameters describing the supercon-
ducting state, and normal state electrical resistivity
reveal the fact that both the Coulomb and electron–
phonon (inter- and intra-molecular) are important inter-
actions in examining the unusual physical properties in
alkali metal intercalated fulleride superconductors. The
results are of interest and provide a test of the possibility
of the cooperative mechanism in other doped fullerides.
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