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Abstract. The electron-phonon interaction in Li-doped carbon clathrates hex-LiC40 and hex-Li2C40 has
been investigated from first principles. Although the characteristic phonon frequency and electron-phonon
interaction are large, the electronic density of states is relatively low which finally gives an electron-phonon
coupling constant λ = 0.46 for Li2C40. Hole-doping is expected to provide higher Tc than n-doping in
hex-C40.

PACS. 71.15.Mb Density functional theory, local density approximation, gradient and other corrections –
74.70.Wz Fullerenes and related materials – 74.10.+v Occurrence, potential candidates

1 Introduction

The discovery of superconductivity in MgB2 at 36 K [1]
has led to a resurgence of interest in superconductivity of
low-Z materials, metallic or made metallic by doping. For
instance, theoretical calculations have recently suggested
interesting superconductive properties in LixBC [2] and
lithium boride [3] compounds. Purely carbon-based ma-
terials are also interesting superconductors in the form of
C60 fullerites [4]. Both in fullerenes and in borates, super-
conductivity is driven by a strong electron-phonon cou-
pling in states with large σ-character. In MgB2 and LiBC,
the conduction states are in fact purely σ-bands, while in
fullerenes a partial σ-character of the conduction bands
(with mainly π-character) is produced by the curvature of
the cage-like structure. Smaller fullerenes (C36, C28, C20)
with a larger curvature have been predicted to have larger
electron-phonon coupling [5–9] and possible solid forms of
C36 [8] and C20 [9] clusters have been also proposed re-
cently. It is suggestive to wonder what would the electron-
phonon coupling be in a carbon material with conduction
bands of pure σ-character, i.e. in a diamond-like, tetrahe-
dral form of carbon. Metallization of diamond-like carbon
by n-doping is however problematic. Although claims of
diamond doping with sulfur [10] and phosporous [11] re-
cently appeared in literature, the realization of tetrahedral
carbon with high density of carriers at low temperatures
suitable to display interesting Tc is far from being accom-
plished. In a recent paper, we have proposed an alternative
form of tetrahedral carbon suitable to be heavy-doped n-
type [12]. Based on ab initio calculations, we have shown
that the tetrahedrally bonded hexagonal carbon clathrate
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hex-C40 is n-dopable by lithium insertion. The n-doping is
realized by inserting the lithium atoms in the large cages
of the clathrate structure. Although clathrate structures
are realized experimentally for Si and Ge [13], their carbon
analogs have not been synthesized so far. However, recent
progress in the synthesis of carbon films by supersonic
cluster beam deposition (SCBD) have shown that carbon
nanostructured thin films, grown by this technique, dis-
play a variety of morphologies. For instance, evidence of
the synthesis of random schwarzites has been recently pro-
vided [14]. Since, crystalline clathrates can be described as
produced by the coalescence of fullerenic-like cages which
is reminiscent of the growth conditions by cluster assem-
bling in SCBD technique, one could envisage that car-
bon clathrate might be produced by SCBD under suitable
conditions.

In this work we have studied from first-principles the
electron-phonon coupling in the carbon clathrate hex-C40

doped with lithium, aiming at estimating its potential su-
perconductive properties. Structural properties and elec-
tronic band structure for the pure and lithium doped
phases have been studied in our previous work [12].

2 Computational details

The calculations have been performed within density
functional theory in the local density approximation.
Norm-conserving pseudopotential and plane wave expan-
sion of the Kohn-Sham orbitals up to a kinetic cutoff
of 40 Ry have been used, as implemented in the codes
CPMD [15,16] and PWSCF and PHONONS [17]. Geom-
etry optimization and band structure calculations have
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been performed by integration over a uniform grid of 36 k-
points in the irreducible part of the Brillouin Zone. Cal-
culation of phonon modes and electron-phonon coupling
constant has been restricted to the Γ -point only as de-
scribed below.

The strength of the electron-phonon interaction is usu-
ally expressed in terms of the electron phonon coupling
constant λ as
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where N(0) is the electronic density of states at the Fermi
level (zero of energy) per spin and per cell, λαq/N(0) is
the partial electron-phonon coupling due the αth phonon
at the point q in the BZ (of volume ΩBZ), εαq is the
phonon polarization vector, M is the atomic mass ma-
trix, n and m are electronic band indices, uk,n is the pe-
riodic part of the Kohn-Sham state with energy Ekn, and
∇V q

eff is the derivative of the Kohn-Sham effective poten-
tial with respect to the atomic displacement caused by a
phonon with wavevector q. The evaluation of equation (2)
requires a double integral over the BZ which is computa-
tionally very demanding for hex-C40. However, for systems
with low dispersion of the phononic and electronic bands
(around the Fermi energy), a reliable estimate of λ/N(0)
can be obtained in the so-called molecular-like approxi-
mation as [20,21]
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where the sum over α and n, m run over the phonons and
the g degenerate electronic states at the Fermi level at
the Γ point, respectively. As to the applicability of equa-
tion (3) to systems like hex-C40, we note that the band-
width of LiC40 and Li2C40 (cf. Fig. 2) from the bottom
of the conduction band to EF is comparable to that of a
C20-based solid for which the molecular-like approxima-
tion has been demonstrated to be highly accurate [9].

3 Results

The clathrate hex-C40, proposed theoretically in refer-
ences [12,18] is shown in Figure 1. It belongs to the space
group P6/mmm and has 40 atoms per unit cell, the sym-
metry independent atoms being five. The structure can be
seen as resulting from the coalescence (by sharing hexag-
onal and pentagonal rings) of two C26, two C24 and three
C20 cages per unit cell, which gives rise to a hexagonal ar-
ray of parallel tubes, each tube being an infinite pile of C24

cages. The tubes in turn are held together by rings of C26

and C20 cages arranged on alternate planes normal to the

(a)

(b) (c)

Fig. 1. Structure of the clathrate hex-C40. (a) View of the
plane perpendicular to the c axis. Chains of C24 cages form
channels running along the c direction, arranged in a hexagonal
array in the plane. (b) Side view of one channel. (c) Top view
of one channel. The position of the five symmetry-independent
atoms in crystal coordinates are: (−0.667, −0.333, 0.112),
(−0.247, −0.247, 0.500), (−0.379, −0.379, 0.309), (−0.211,
−0.421, 0.186), (−0.132, −0.263, 0.000) [12]. In Li2C40 the Li
ions in the C26 cages are at positions: (0.333, 0.667, 0.500),
(0.667, 0.333, 0.500).

tubes. As discussed in our previous work [12], Li can be
inserted at the center of the C26 and C24 cages with small
changes in the equilibrium cell parameters (within 1%).
At low Li content (LiC40), the band structure does not
change significantly with respect to the pure compound,
but for the shift of the Fermi level inside the conduc-
tion bands and a small downward shift in energy of the
lowest conduction band at the Γ point. Therefore, the
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Fig. 2. Electronic energy bands around the Fermi level (EF )
of a) LiC40 and b) Li2C40. The Li ions are at the centre of
the C26 cages. The band structure is reported along the high
symmetry lines of the irreducible Brillouin Zone following the
notation of reference [19]. Density of states are computed by
the tetrahedron method over a mesh of 270 points in the irre-
ducible BZ.

electronic properties of the system at low Li content can
be described in the rigid-band approximation where Li is
fully ionized and donates its outermost electron to the host
without changing the band structure (Fig. 2a). At higher
Li concentration (Li2C40) deviations from the rigid-band
approximation are appreciable (Fig. 2b).

We have thus applied equation (3) to compute the
electron-phonon coupling in hex-C40. Since the rigid band
approximation holds to a large extent in LixC40 we have
computed the electron-phonon coupling λ/N(0) given by
equation (3) for the pure system with an additional elec-
tron in the lowest conduction band, mimicking LiC40. At
the Γ -point the lowest conduction band is non-degenerate
and thus only a single electronic state and phonons with
A1g character contribute to the sum in equation (3). The
shape of the Kohn-Sham orbital of the lowest conduction
at the Γ -point which contributes to λ/N(0) is shown in
Figure 3 for Li2C40. The charge density of this state is
mostly localized in the C26 cages and it is polarized by
the Li ions.

Phonon frequencies and eigenvectors have been ob-
tained by diagonalization of the dynamical matrix at the
Γ -point, built from the numerical derivatives of the forces
with respect to finite atomic displacements. The change in
the effective potential due to the αth phonon is computed
by finite differences as

εα · ∇Veff = (Veff(r + hεα) − Veff(r − hεα))/2h, (4)

where r indicate collectively the equilibrium atomic po-
sitions. Integration of the BZ in the calculation of ∇Veff

in equation (4) has been restricted at the Γ -point as well.

Fig. 3. Density plot of the KS state at the Γ point of the
lowest conduction band for pure C40 (left panel) and Li2C40

(right panel). The plane of the figure is the (21̄1̄) plane passing
through the center of the C26 cages. Light regions correspond
to higher electron density. The KS state is mostly localized on
the carbon atoms of the C26 cages and it is strongly polarized
by the Li ions at the center of the cages. Small dark and large
light gray spheres denote carbon and Li atoms, respectively.

Table 1. Partial electron-phonon coupling constant λα/N(0)
in hex-C40, doped with an additional electron. The energies of
the modes for the undoped hex-C40 are reported.

Modes Undoped λα/N(0)

Energy (cm−1) (eV)

A1g(7) 1284 0.027

A1g(6) 1212 0.040

A1g(5) 1144 0.148

A1g(4) 1019 0.029

A1g(3) 932 0.000

A1g(2) 799 0.004

A1g(1) 649 0.000

∑
A1g 0.248

Frequency and partial electron-phonon coupling constants
for each A1g normal mode are reported in Table 1. The
mode A1g(5) that gives the largest contribution to λ/N(0)
is shown in Figure 4. The total electron-phonon coupling
constant is λ/N(0) = 0.248 eV which is substantially
larger than theoretical estimates for C60 (0.07 eV [9,21]).
In order to estimate the error in λ/N(0) due the rigid
band approximation, we have computed the energy shift
of the lowest conduction state at Γ in Li2C40 (cf. Fig. 2),
induced by the A1g(5) frozen phonon. It turns out that the
rigid band approximation introduces an error in λ/N(0)
lower than 9% for the Li2C40 compound. By careful BZ in-
tegrations we have checked that an additional error of 10%
is possibly due to the use of the Γ -point only in the cal-
culation of ∇Veff in equation (3). Thus, an overall error of
up to 20% in the value of λ/N(0) is possible. Still, within
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Fig. 4. Displacement pattern of the mode at 1144 cm−1 that
gives the largest contribution to the electron-phonon coupling.
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Fig. 5. Superconducting critical temperature of Li2C40 and
Li1C40 as a function of µ∗ obtained from the McMillan formula
and using the values for λ and ωln reported in the text.

these uncertainties, we can try to estimate Tc by making
use of the McMillan’s solution [22,23] of the Eliashberg
equations:

Tc =
ωln

1.2
exp

(
− 1.04(1 + λ)

λ − µ∗(1 + 0.62λ)

)
, (5)

where ωln is the weighted logarithmic average of the
phonon frequencies (1145 cm−1 for hex-C40) and µ∗ is the
renormalized Coulomb pseudopotential [22,23]. From the
density of states (DOS) in Figure 2, we obtain N(0) = 1.55
or 1.85 states/eV/spin/cell and thus λ = 0.38 and 0.46, for
LiC40 and Li2C40, respectively. We have not attempted to
estimate numerically µ∗. Instead the resulting Tc is plot-
ted in Figure 5 as a function of µ∗ in the range typical of
simple and transition metals. Although the characteristic
phonon frequency and the electron-phonon interaction po-
tential λ/N(0) are comparable or even larger than in other
low-Z superconductors (MgB2, C60), the electronic DOS
at the Fermi level is low in Li2C40 and the resulting low
value of λ makes the estimate of Tc strongly dependent
on the choice of µ∗, even in the relatively narrow range of

µ∗ = 0.1−0.15. A reliable estimate of Tc is thus possible
only for its upper bound. However, we note that the elec-
tronic DOS is much larger for the top valence bands than
for the lowest conduction bands (cf. Fig. 2). Moreover, the
electron-phonon coupling constant λ/N(0) for the valence
band, obtained by inserting in equation (3) the uppermost
KS state at Γ is λ/N(0) = 0.33 eV, even larger than for
the conduction bands. Hole-doping seems more promising
than n-doping to make hex-C40 superconducting at high
temperatures.

4 Conclusions

Based on density functional theory, we have computed the
electron-phonon coupling constant of the carbon clathrate
hex-C40 doped with Li at different concentrations, LiC40

and Li2C40. These systems, proposed on a solely theoret-
ical basis have not been synthesized so far, but they are
interesting as example of a metallic phase of tetrahedral
carbon. Characteristic phonon frequencies and electron-
phonon interaction potential (λ/N(0)) are large in these
systems, but the low concentration of conduction electrons
and the conduction bandwidth, as produced by the tetra-
hedral network, make the electronic DOS at the Fermi
level relatively low which finally yields λ = 0.38−0.46 for
LiC40 and Li2C40, respectively. For λ in this range, the
estimate of Tc from McMillan equation is strongly depen-
dent on the value chosen for the coulomb pseudopotential
parameter µ∗. However, the calculation predicts a much
larger DOS and comparable λ/N(0) for hole-doped hex-
C40. Insertion of electron acceptor species in the clathrate
cages seems a more promising route to make hex-C40 su-
perconducting.

This work is partially supported by the INFM Parallel Com-
puting Initiative, and by MURST, through PRIN01 under con-
tract 2001021133.
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