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29.1 Introduction

The C,, molecule with a dodecahedral cage structure is the
smallest member of the fullerene family. It follows from
Euler’s theorem that fullerenes are molecules that consist of
exactly 12 pentagons and a varying number of hexagons. The
most famous fullerene molecule is Cg, with 12 pentagons and
20 hexagons (commonly referred to as “Buckyballs,” short for
“Buckminsterfullerene”), which was discovered in 1985 (Kroto
et al. 1985). Smalley, Curl, and Kroto were awarded the 1996
Nobel Prize in Chemistry for their discovery, which not only
allowed the study of the fascinating properties of Cy, molecules
and solids, such as superconductivity in alkali-metal-doped Cg,
solid (Hebard et al. 1991), but also initiated an exciting new era
of carbon nanotechnology. Interestingly, in his Nobel lecture,
Kroto (1997) emphasizes the pentagon isolation rule (Kroto 1987,
Schmalz et al. 1988) predicting the most stable fullerenes to have
the 12 pentagons as far apart as possible. In light of this rule, the
C,, fullerene cage should be highly unstable, and by defying this
rule C,, is sometimes referred to as an “unconventional fuller-
ene” (Xie et al. 2004, Wang et al. 2006).

Not surprisingly, the synthesis of the smallest fullerene is
therefore much more difficult than that of Cg, since the highly
curved fullerene C,, is so reactive that it cannot be produced by
carbon condensation or cluster annealing processes. Instead,
Prinzbach et al. (2000) started from a precursor [dodecahe-
drane C,,H,,, which was first synthesized by the Paquette group
(Ternansky et al. 1982, Paquette et al. 1983)]. They replaced the
hydrogen atoms with bromine atoms, and then debrominated
to produce the gas-phase cage C,, fullerene. The same process
is used to synthesize another C,, isomer with a bowl molecu-
lar structure. These two isomers, together with the previously
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commonly produced monocyclic ring, constitute the three major
isomers of C,, that are of particular interest for this chapter.

It is worth noting that the C,, cage isomer has been the
subject of intensive theoretical research even before its pro-
duction in 2000. A vast amount of theoretical work has used
density functional theory (DFT) to study the relative stability
of cage C,, compared with other isomers but has arrived at
no consensus. This, in part, reflects the importance of elec-
tron correlations not included in the mean-field DFT calcu-
lations. More accurate treatments of electron correlations in
these molecules by quantum Monte Carlo (QMC) calculations
show that the bowl isomer has the lowest energy, with the ring
isomer in the middle, and with the cage isomer being highest
in ground state energy (Grossman et al. 1995). This was the
first QMC calculation applied to C,, molecules, indicating the
importance of electron correlations in determining the elec-
tronic properties of these molecules. To further explore the
electronic correlations in C,, molecules, Lin et al. performed
exact diagonalization (ED) and QMC simulations on a one-
band Hubbard model (Lin et al. 2007) using the effective
Hamiltonian approach (Lin and Serensen 2008). They found
that the cage isomer is the most correlated molecule among
the isomers, with an on-site interaction and hopping integral
ratio as high as U/t ~ 7.1.

Two research groups (Wang et al. 2001, Igbal et al. 2003) have
recently reported the synthesis of solid C,, phases. Wang et al.
used ion beam irradiation to produce a close-packed hexagonal
crystal consisting of C,,H,, molecules with a lattice spacing of
4.6 A. Igbal et al. employed ultraviolet laser ablation from dia-
mond onto nickel substrates and obtained a face-centered-cubic
(fcc) lattice with 22 carbon atoms per unit cell (C,, linked with
bridging carbon atoms at interstitial tetrahedral sites). These
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further developments are likely to stimulate more research inter-
est in this field, since speculation (Miyamoto and Saito 2001,
Spagnolatti et al. 2002) about a possible superconducting state in
the C,, solid can now be tested experimentally. Interest in a pos-
sible superconducting state of solid C,, is a natural outgrowth
of the superconductivity observed in doped Cg, that has an fcc
lattice structure. A higher transition temperature, T., might
be expected for solid C,, than for C,, because the more curved
molecular structure of the C,, cage implies a higher frequency
vibrational phonon. Of course, the expectation of this higher T
is based on the phonon mechanism for superconductivity, while
the question of whether phonons or electron-electron interac-
tions are responsible for the superconducting behavior in the
doped Cq, solid is still a subject of debate.

We organize this chapter in the following way. We first
describe the molecular structure of C,, fullerene. This is followed
by a discussion of various single molecular properties, including
ground state energy, thermal stability, mechanical stability, elec-
tron affinity, electron correlations, vibrational frequencies, and
electron-phonon coupling strength. We then proceed to dis-
cuss the electronic properties of the solid C,, fullerene, possible
superconductivity, and the I-V characteristics of short chains of
fullerene C,,. The chapter concludes with a future perspective.

29.2 Molecular Structure

We show in Figure 29.1 the molecular structures of the three
major isomers: cage, bowl, and ring. The 20 carbon atoms in the
cage form 12 pentagons and 30 bonds. This is the consequence of
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Molecular structures of C,, isomers: (a) cage, (b) bowl,

FIGURE 29.1
and (c) ring.

Handbook of Nanophysics: Clusters and Fullerenes

Euler’s formula, which relates the number of vertices, edges, and
faces on a polygon, i.e., V— E + F = 2. The molecular diameter is
about 3.1 A. The fullerene cage C,, has the molecular symmetry
of the icosahedral point group I, which has 120 symmetry oper-
ations. It is the only fullerene smaller than Cy, with the full I
symmetry. The I, group is discussed by Ellzey (2003), Ellzey and
Villagran (2003), and Ellzey (2007), and the application of this
symmetry to the Hiickel Hamiltonian defined on a cage results
in the symmetry-labeled Hiickel energy diagram shown in
Figure 29.2. The Hiickel Hamiltonian, in second quantization
notation, can be written as

H= —tz (c};,cj(, +h.c. ),
(iijo

(29.1)

where
t is the nearest neighbor (NN) hopping integral that sets the
energy scale of the system
¢l (i) creates (annihilates) an electron with spin © on the ith
carbon site
h.c. is the Hermitian conjugate
(ij) means i and j are NN

The above noninteracting Hiickel Hamiltonian will be
regarded as an effective Hamiltonian that captures the geometric
character of the cage molecule. It is an approximation to the real
Hamiltonian, and should have a low-energy spectrum around
the Fermi energy very similar to that of the real Hamiltonian.
One can obtain a value for the hopping integral, t, by fitting the
tight-binding Hiickel energy levels around the Fermi level to
those from DFT calculations (Lin and Serensen 2008), leading
to t =1.36¢€V.

From Figure 29.2, one can see that the neutral cage isomer
is metallic (since the conduction bands are half-filled) and
magnetic (if Hund’s rule is applied to the two electrons in the
highest occupied levels). Are these properties realized in a real
molecule? Can they survive the inclusion of electron-electron
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FIGURE 29.2 Hickel molecular orbitals of a neutral dodecahedral
C,, molecule.
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interactions? We will examine these questions, going beyond the
noninteracting Hiickel Hamiltonian, in later sections.

29.3 Single Molecular Properties

29.3.1 Ground State Energy

There are many calculations on C,; isomers that compare their
ground state energies and infer their relative stability. However,
different ground state energy orderings are predicted by differ-
ent calculations, depending on the method used. Hartree-Fock
(HF) calculations show that the ring is lowest in energy, fol-
lowed by the bowl and then the cage (Parasuk and Almlof 1991,
Feyereisen et al. 1992). Local density approximation (LDA) cal-
culations predict the cage to be the lowest in energy, followed
by the bowl and the ring (Brabec et al. 1992, Wang et al. 1996).
Generalized gradient approximation (GGA) (Raghavachari
etal. 1993), hybrid HF/DFT (Allison and Beran 2004), and DFT/
B3LYP (Xu et al. 2006) suggest again the same ground state
energy ordering as HF calculations. The more accurate coupled-
cluster calculations (CCSD) with basis set including single,
double, and triple excitations of the HF wave-function gives an
energy ordering similar to LDA, i.e., the cage and the bowl are
almost degenerate and have lower energy than the ring isomer
(Taylor et al. 1995). More recent CCSD calculations are able to
distinguish the energy difference between the bowl and the cage,
and identify the bowl energy as lower than the cage (An et al.
2005). Tight-binding calculations based on the Harrison scheme
(Harrison 1989) give the cage as the lowest energy isomer, fol-
lowed by the bowl and the ring (Cao 2001). Though inconclusive,
all these calculations do reflect the subtlety in making approxi-
mations about electronic correlations. The need for an accurate
method, such as QMC, to deal with such correlations is clear.
Such a QMC calculation with a pseudopotential replacing the
ion core has been performed (Grossman et al. 1995), and gives a
ground state energy ordering with the bowl being the lowest, fol-
lowed by the ring and the cage. Even more accurate all-electron

TABLE 29.1
from Various Calculations
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(without pseudopotential) QMC (Sokolova et al. 2000) has also
been done and gives the same result as Grossman et al. (1995).
Therefore, one can now conclude that the ground state energy
of the three major C,, isomers with respect to bowl, from lowest
to highest, are bowl (0eV), ring (1.1 £ 0.5€V), and cage (2.1 +
0.5eV) (Grossman et al. 1995, Sokolova et al. 2000).

We summarize the above discussion in Table 29.1.

29.3.2 Thermal Stability

From the previous discussion, we conclude that the bowl has the
lowest ground state energy, and the cage has a relative energy of
about 2.1eV with respect to the bowl. Then why does the cage
exist after it is produced and not decay into the lower energy
isomers? Tight-binding molecular-dynamics (TBMD) simula-
tions (Davydov et al. 2005) have helped answer this question. In
the simulation, one starts with the cage isomer, and measures
how many saddle point states (local energy maximum) and
metastable states (local energy minimum) need to be passed
over before reaching the bowl isomer state. By this process, the
minimum potential barrier that must be overcome for a cage
decay is measured to be about 5.0 eV. And remarkably, although
many routes can be taken in the cage decay to some metastable
states, none of these metastable states lead to a transition to the
bowl configuration (which is the global energy minimum). This
same cage stability is also found when the activation energy,
E,, for cage isomer decay is measured. The activation energy is
defined as

N.=N, exp(kEaTJ, (29.2)
B

where N_ is the critical number of steps of TBMD simulations, and
N, =1/t, with T the lifetime of the cage isomer and £, =2.72 x 1071¢s
the time step of TBMD. By simulating the decay process at
different temperatures, one can map out the In(N,) vs 1/T curve,

Ground State Energy Ordering for Three C,, Major Isomers

Source Method Ground State Energy Ordering
Parasuk and Almlof HF Eing < Epow < Ecage
(1991)
Feyereisen et al. (1992) HF Eiing < Epow < Ecage
Brabec et al. (1992) LDA Eoge < Epowt < Ering
Wang et al. (1996) LDA Ecige < Eoowt < Ering
Raghavachari etal. (1993)  GGA Eiing < Epowt < Ecage
Allison and Beran (2004) Hybrid HF/DFT E\ing < Epow1 < Eyge
Xu et al. (2006) DFT/B3LYP Erng < Evont < Euage
Taylor et al. (1995) CCSD Eeope = Evowt < Eiing
An et al. (2005) CCSD Eyout < Ecage < Ering
Cao (2001) Tight-binding Ege < Epout < Ering
Grossman et al. (1995) QMC (pseudopotential) Bt < Eying < Eyge
Sokolova et al. (2000) QMC (all-electron) Eyout < Eping < Ecyge
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FIGURE 29.3 Logarithm of the critical number of steps of molecular-dynamics simulation, N, for the onset of the decay of the C,, fullerene as
a function of the temperature, T, of the ionic subsystem for the electron temperature (a) T, = T and (b) T, = 0. Circles are the results of calculation,
and the solid line is a linear least square fit. (Reprinted from Davydov, LV. et al., Phys. Solid State, 47, 778, 2005. With permission.)

see Figure 29.3. The slope of the fitted line gives the activa-
tion energy, E, = 7 + 1eV. With this activation energy, one can
estimate the lifetime of the cage isomer at room temperature,
T (300K), to be extremely large (practically infinite). This explains
the stability of the fullerene cage, once it is synthesized.

There are earlier quantum molecular dynamics (QMD) stud-
ies of the free energy vs. temperature dependence for C,, isomers
(Brabec et al. 1992), which, as we discussed in the previous sec-
tion, starts from the incorrect LDA ground state energy ordering,
i.e., Eyge < Epgut < Eying- However, these studies did see the stabil-
ity of cage fullerene for temperatures below about 700K. Above
this temperature, cage fullerene transforms into its bowl isomer,
which is assumed to be the building block of the Cg, fullerene.
Their conclusion is probably correct, too, since they are aiming
at explaining the high-temperature production of C, fullerenes
in experiments using the laser vaporization technique, which we
know is unable to produce C,, fullerene.

With the previous conclusion that the cage fullerene will not
transform into other isomers once it is synthesized, it is also inter-
esting to study further its thermal stability in the sense of the
Lindemann criterion for solid melting (Lindemann 1910): solid
melts when the root-mean-square bond-length fluctuation ratio, 9,
exceeds a threshold value 0.1, the Lindemann constant. A QMD
simulation employing the Lindemann criterion has been performed
(Ke et al. 1999). Figure 29.4 shows that the C,, fullerenes remains
solid below temperature 1900K, above which it starts to melt.

29.3.3 Mechanical Stability

The mechanical stability of C,, has been studied with MD in the
context of low-energy cluster beam deposition of C,, fullerenes
on substrates (Du et al. 2002). The simulation shows that for a
C,, kinetic energy in the range of 10-45¢€V, the probability of
C,, adsorption on the substrate is high, and the molecules main-
tain their dodecahedral geometry without deformation. Similar
MD simulations of the mechanical stability of the C,, fullerene

0.2

(@ 14K | (b) 470K | (¢) 1900K | (d) 3372 K

2000
Temperature (K)

3000

4000

FIGURE 29.4 Root-mean-square bond-length fluctuations & of C,, as
a function of temperature. Snapshots (a-d) exhibit the geometry of a C,,
cluster at various temperatures (14, 470, 1900 and 3370 K, respectively).
(Reprinted from Ke, X.Z. et al., Chem. Phys. Lett., 313, 40, 1999. With
permission.)

(Ke et al. 1999) also show that when the C,, incident energy is
less than 25¢V, it will rebound without breaking after its colli-
sion with a graphite surface. These simulations are important for
understanding the experimental deposition of C,, films.

29.3.4 Electron Affinity

Electron affinity (EA) is an important molecular property that
incorporates electron correlation information (Barnett et al.
1986) and which can be measured by gas-phase photoemission
experiments. EA, in the case of neutral C,, is defined as

12/15/2009 9:20:26 PM
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EA = E(20) - EQ1), (29.3)
where E(20) and E(21) are the internal energies of the neutral
and one-electron-doped molecules, respectively. In recent years,
with the development of experimental techniques, EA can be
measured more and more accurately. One such example is the
measurement of EA of the neutral C,; molecule (Yang et al.
1987, Wang et al. 1991, Wang et al. 1999), yielding 2.7 + 0.1€V,
2.65 + 0.05¢eV, and 2.689 + 0.008€V, with increasing accuracy.
Such measurements are useful for electron correlation stud-
ies and can be used to estimate the on-site electron correlation
strength, as was done by Lin and Serensen (2008), where their
estimates are based on the neutral C,, EA values (EA = 2.25 +
0.03eV) measured when the gas-phase C,, cage is synthesized
(Prinzbach et al. 2000). Estimates of on-site electron correlation
strength is the first step in the effective Hamiltonian plus QMC
approach to studying molecular electronic properties.

The positive EA can also be used to understand the aggre-
gation property of C,, fullerenes (Luo et al. 2004), since it is
energetically favorable for a neutral C,, fullerene to obtain an
additional electron to lower its energy. Without doping, such
additional electrons can only be obtained by a covalent-like
sharing with other fullerenes, suggesting that C,, fullerenes tend
to aggregate. Indeed, such aggregation phenomena have been
observed not only in C,, fullerenes (Ehlich et al. 2001), but also
in larger fullerenes, such as C,4 (Piskoti et al. 1998, Collins et al.
1999), Cq,, etc., and carbon nanotubes.

29.3.5 Electron Correlation

29.3.5.1 Beyond Noninteracting Hiickel Hamiltonian

The noninteracting Hiickel Hamiltonian defined in Equation
29.1 results in the electronic configuration of molecular orbitals
shown in Figure 29.2. However, neglecting electron interactions
is not appropriate for real materials. A more refined and mini-
mal interacting model that takes into account electronic on-site
interactions (here “sites” refers to individual C atoms) is the one-
band Hubbard model defined as

H= —tz (cf(,cjc + h.c.) + Uz nAM;],
(i) i

(29.4)

where the additional term U represents the interaction energy of
two electrons occupying the same atomic site. The ratio U/t mea-
sures the on-site interaction strength. This model has also been
treated within the lattice-density functional approach (Lopez-
Sandoval and Pastor 2006). Interactions longer ranged than the
on-site U has also been considered (Lin et al. 2007). Clearly, one
needs first to determine how large U/t is in the real C,, cage in
order to address its effect on the C,, electronic structure. U/t val-
ues for C,, isomers have been estimated by Lin and Serensen
(2008), who show that the C,, fullerene cage is the most strongly
correlated of the three major C,; isomers, with the on-site inter-
action strength as high as U/t ~ 7.1. The C,, fullerene cage is also

29-5

the most strongly correlated molecule in the fullerene family,
and is much more correlated than the C,, molecule, which has a
U/t ratio of approximately U/t ~ 3.5.

29.3.5.2 Magnetic Properties

ED and QMC calculations on Equation 29.4 have shown that, for
U/t < 4.1, the C,, fullerene has a spin triplet ground state, and for
U/t > 4.1 it has a singlet ground state (Lin et al. 2007). Therefore,
for a real neutral C,, fullerene, the ground state is probably a
spin singlet, violating Hund’s rule for the electron configura-
tion of the noninteracting approach, which would predict that
the neutral molecule has a spin triplet ground state (Figure
29.2). This Hund’s rule violation is a result of strong electronic
correlations.

In the large U/t limit, the Hubbard model in Equation 29.4 is
reduced to an antiferromagnetic Heisenberg model (AFM) using
second order perturbation theory. Since U/t ~ 7.1, such a reduction
is reasonable for the C,, cage. AFM defined on a dodecahedron
molecule has been solved by ED and shows a spin singlet and non-
magnetic ground state (Konstantinidis 2005), which agrees very
well with our previous discussions. By applying an external
magnetic field, the molecule shows some interesting properties,
such as magnetization discontinuities, etc. (Konstantinidis 2005,
Konstantinidis 2007).

29.3.5.3 Pair-Binding Energy

The pair-binding energy as a function of on-site electron inter-
action has also been investigated (Lin et al. 2007) in the hope of
finding a possible effective attraction between electrons on the
same fullerene. The pair-binding energy is defined as

Ay(21) = E(22) + E(20) - 2E(21), (29.5)
as shown schematically in Figure 29.5. If A, (21) < 0, i.e., the non-
uniform charge distribution is preferred, it would then provide
an electronic mechanism for superconductivity in the alkali-
doped Cy, materials (Chakravarty et al. 1991).

The pair-binding energy as a function of electron correlation,
Ult, is shown in Figure 29.6. ED and QMC calculations show that
A,(21) is always positive for any value of U/t. Thus, for an average
of one electron doping in the C,, fullerenes, two doped electrons
on two C,, fullerenes tend to stay separately on two molecules
instead of staying together on the same molecule and leaving the
other molecule undoped. This, therefore, rules out the possibil-
ity of superconductivity from purely electronic correlations.

O-0O-0O-C

FIGURE 29.5 Schematic illustration of pair-binding energy. Big
empty circles represent neutral C,, cage. Small solid dots represent
doped electrons.
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FIGURE 29.6 Electronic pair-binding energy, A,(21)/t, as a function of U/t. ED (e) and QMC (0) results for the molecule with I, symmetry. ED
results (blue triangle) for the molecule with D, symmetry. The solid (crossed) vertical line indicates the critical value U/t for neutral I, (D,,) mol-
ecules. (a) A, versus U/t for U/t < 5. (b) A, versus t/U for 5 < U/t < 100. (Reprinted from Lin, F. et al., Phys. Rev. B, 76, 033414, 2007; J. Phys. Condens.

Matter, 19, 456206, 2007.)

29.3.5.4 Suppression of Jahn-Teller Distortion

Strong electron-electron interactions can also suppress a
Jahn-Teller distortion. Figure 29.7 shows the energy difference
between a Jahn-Teller distorted and a non-distorted dodeca-
hedral neutral molecule as a function of distortion magnitude,
€. We see that, for the stronger electron-electron interaction,
U/t = 8, which stabilizes a singlet ground state (compared with
U/t = 2 for which the ground state is a triplet), the effect of the
Jahn-Teller distortion is minimal. Taking into account the high
ratio, U/t ~ 7.1, for the real molecule, we suggest that Jahn-Teller
distortion is inactive in the C,, fullerene.

0.00

-0.02

1y —0.04
<

-0.06

—-0.08

010 b b b b b e
-04 -02 00 0.2 0.4 0.6 0.8 1.0

€

FIGURE29.7 Shiftin the ground state energy of the neutral molecule,
AE, versus the distortion, €. The Jahn-Teller effect is quite pronounced
for U/t = 2(0), but it is essentially absent for U/t = 8(e). (Reprinted from
Lin, F. et al., Phys. Rev. B, 76, 033414, 2007; J. Phys. Condens. Matter, 19,
456206, 2007. With permission.)

29.3.6 Vibration Frequencies and
Electron-Phonon Coupling

It has long been conjectured that smaller fullerene molecules,
such as C,,, will have higher vibration frequencies and larger
electron-phonon coupling strength than Cg,. An approximate
equation for the electron-phonon coupling strength is given
by ~1800/N,, meV for aromatic molecules, including fullerene
molecules, from tight-binding calculations using the Einstein
approximation for phonon frequencies (Devos and Lannoo
1998). Since N, is the number of electrons in p, orbitals, C,, has
the largest electron-phonon coupling strength in the fullerene
family, see Figure 29.8. More sophisticated numerical simula-
tions confirm to some extent this trend in the fullerene molecules
(Raghavachari et al. 1993, Wang et al. 1996, Saito and Miyamoto
2002). These calculations, though using different equilibrium
geometries, show that the C,, cage has vibration frequencies
approximately in the range of 150 ~ 2200 cm™'. These vibrational
frequencies await a comparison with future Raman scattering
and infrared spectroscopy data.

29.4 Solid Properties

So far we have discussed many interesting properties of a sin-

gle C,, fullerene molecule in the above discussions. However,
from a practical point of view, the realization of the solid phase
of C,, fullerene is even more interesting in terms of a possible
superconductor or as the building block for the fabrication of
nanodevices. Two experimental groups have reported success-
ful syntheses of solid phases of C,, fullerenes (Wang et al. 2001,
Igbal et al. 2003). Wang et al. used an ion beam irradiation

12/15/2009 9:20:27 PM
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FIGURE 29.8 Dependence of the full electron-phonon coupling,
V; on the number of electrons in the p, molecular orbital. (Reprinted
from Devos, A. and Lannoo, M., Phys. Rev. B, 58, 8236, 1998. With
permission.)

method to produce a hexagonal close-packed crystal, which has
a lattice spacing of 4.6 A, while Igbal et al. used laser ablation to
deposit C,, fullerene molecules into an fcc lattice with fullerene
molecules interconnected by two additional carbon atoms per
unit cell in the interstitial tetrahedral sites, which is consistent
with their DFT calculations. In the following, we shall review
work that has been done on solid C,, fullerene, with an emphasis
on possible superconductivity in the bulk material. We will also
discuss some work on I-V characteristic calculations for a chain
constructed from C,, fullerene molecules, which may be impor-
tant for the future development of fullerene-based nanodevices.

29.4.1 Superconductivity?

The fact that both superconducting alkali-metal-doped Cg,
solid and the pure C,, solid have an fcc lattice structure has led
Spagnolatti et al. to speculate about doping one Na atom per
unit cell in the remaining empty octahedral site in a C,, fcc solid
(Spagnolatti et al. 2002) (In fcc solid Cg, both the octahedral site
and the two tetrahedral sites are occupied by three K atoms, lead-
ing to the chemical configuration of K, C, in the superconduct-
ing phase). The undoped solid is an insulator with a band gap of
2.47 eV. With Na doping, the energy bands still look like the pure
solid case, and the doping shifts the Fermi energy into the low-
est conduction bands. Hence, the solid turns from an undoped
insulator into a metal. See Figure 29.9 for the fcc lattice structure
and Figure 29.10 for the density of states (DOS) of the Na-doped
C,, fcc solid. The electron-phonon coupling strength, A, is also
calculated to be A = 1.12, much larger than the value for the solid
Cyo where A ~ 0.3 — 0.5 (Gunnarsson 2004). Using McMillan’s
formula, which is valid for phonon-mediated superconductivity,
Spagnolatti et al. then estimated the superconducting transition
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FIGURE 29.9 The fcc lattice structure of the C,, crystal. The lattice
constant is 8.61 A. The coordinates of the three independent atoms A,
B, and C are given by, in units of lattice constant, A = (0.25, 0.25, 0.25),
B =(0.148, — 0.148, 0.148), and C = (0.078, — 0.217, 0.0). Eight atoms out
of the twenty of the cage (B) and the interstitial carbon atoms (A) are sp?
hybridized. The other twelve atoms of the cage (C) are sp? hybridized.
In the NaC,, compound, the alkali atoms occupy the octahedral site of
the fcc lattice. (Reprinted from Spagnolatti, I. et al., Europhys. Lett., 59,
572,2002. With permission.)

temperature to be in the range of 15-55K, an impressive range
for phonon-mediated superconductivity.

An earlier theoretical speculation on the possible forms of
solid C,, phase using DFT calculations has predicted the simple
cubic (SC) lattice to be the most stable one, and this structure
has the property of being metallic (Miyamoto and Saito, 2001).
However, the C,, cage structure must be broken in order to
form such a SC lattice, which reduces the electron-phonon cou-
pling strength and hence is not likely to produce a high tran-
sition temperature for superconductivity even if such a lattice
could superconduct. They also suggest that a one-dimensional
chain of C,, cages can have a higher transition temperature
if it is doped with either electrons or holes to shift the Fermi
level to the peak of the DOS. As promising as this may seem,
there is no experimental realization of such lattices up to now.
Furthermore, DFT investigations (Okada et al. 2001) show that
orthorhombic and tetragonal lattices with the polymerized C,,
cage as a building block have much lower energies than the SC
lattice. Calculations of DOS suggest that both lattices are semi-
conductors with energy gaps of 1.4 and 1.7eV for orthorhom-
bic and tetragonal lattices, respectively. Their DOS figures also
show that, with slight hole doping, the Fermi level can be moved
to the peaks of the valence bands, hence making them possible
candidates for superconductors. Polarization and dielectric
constants of orthorhombic and tetragonal lattices have also
been studied by DFT (Otsuka et al. 2006). The dielectric con-
stants are rather anisotropic and assume values in the range
of 4.7 ~ 5.8 depending on the direction of the applied external
electric field.
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FIGURE 29.10 Band structure around the Fermi level of (a) the pure fcc C,, and (b) NaC,, crystals. The zero of the energy is the Fermi level of
NaC,,. The DOS of NaC,, is shown in (c). (Reprinted from Spagnolatti, I. et al., Europhys. Lett., 59, 572, 2002. With permission.)

As discussed in the pair-binding energy calculation in the
above section, purely electronic correlations have been argued to
be responsible for the superconductivity in alkali-metal-doped
Cy, solid (Chakravarty et al. 1991). In this mechanism, doped
electrons pair up and lead to superconductivity inside one mol-
ecule. The Josephson coupling between superconducting mol-
ecules then makes the supercurrent flow without resistance in
the whole solid. ED and QMC calculations on a Hubbard C,,
molecule show, however, that the pair-binding energy does not
favor such a mechanism (Lin et al. 2007). But this calculation
does show a metal-insulator transition as a function of the inter-
action strength, U/t, see Figure 29.11. For the value of U/t ~ 7.1
for the real material, undoped C,, in an fcc lattice is insulating,
in agreement with the DFT prediction (Spagnolatti et al. 2002).

29.4.2 I-V Characteristics of Cage Chains

We have seen experimental evidence that the synthesis of solid
fcc Cyisa candidate for a possible new superconductor. However,
there is another application direction for fullerene molecules,
that is, fabrication of nanometer electro-mechanical systems
(NEMS) for use in circuits at the nanometer scale. For this pur-
pose, it is important to understand the electronic properties of
such a device, especially the I-V characteristics of nanodevices
made of C,, cages. As already discussed by Miyamoto and Saito
(2001), 1D double or single-bonded C,, chains are semiconduc-
tors, implying a possible application in nanocircuits. We will

+||||||||||||||||I||||||||||||||||||||||||||||
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FIGURE 29.11 DOS N(w) at (a) U = 2t from QMC and at (b) U = 5¢
from ED. In both panels, the DOS for the C,, fcc lattice obtained from
CPT with ¢’ = — tis shown as a dashed line. (Reprinted from Lin, F. et al.,
Phys. Rev. B, 76, 033414, 2007; J. Phys. Condens. Matter, 19, 456206,
2007. With permission.)
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concentrate on transport properties of 1D C,, chains, specifi-
cally on theoretical calculations of the electrical conductivity of
C,, monomers, dimers, and longer chains, embedded between
two electrodes or molecular interfaces (Roland et al. 2001, Otani
et al. 2004, Ouyang and Xu 2007).

DFT calculations together with the Keldysh nonequilibrium
Green’s functions formalism (Datta 1995) allow one to calculate
the I-V curve from first principles. Applications of such tech-
niques to short chains of C,, with different geometries show
that, for multi-bonded short C,, chains between Al(100) leads,
the electrical conductivity has little dependence on the number
of C,, molecules in between (Roland et al. 2001); for double- and
single-bonded short chains between Au jellium electrodes, the
electrical conductivity depends strongly on the number of C,,
molecules in between, i.e., a monomer has an electrical con-
ductivity that is about one order of magnitude greater than the
dimer (Otani et al. 2004). For multi- and double-bonded short
chains between two single-wall carbon nanotube electrodes, the
electrical conductivity again strongly depends on the number of
C,, molecules in between, with monomers having significantly
larger conductivity than dimers (Ouyang and Xu 2007). It is also
worth noting that, by replacing one C atom with one N atom per
C,, molecule, the electrical conductivity increases substantially
(Ouyang and Xu 2007). The effect of molecular vibrations on the
I-V characteristics of a C,, fullerene bridge between two gold
electrodes has also been studied by TBMD, which shows large
discontinuous steps in the differential conductance at vibration
frequencies of the molecule (Yamamoto et al. 2005).

To summarize, the above several calculations suggest some
features for the short chains of C,, cages: (1) The connection
between the electrodes and the C,, molecule is important for
electron transport through the chains; (2) Electron scatter-
ing at C,,—C,, junctions greatly reduces the conductivity; (3)
Doping can significantly change the electrical conductivity; (4)
Molecular vibrations greatly affect electron transport. However,
in the above calculations an exact treatment of strong electron
correlations is still missing. Its effect on the electron transport
properties of short C,, chains still needs to be calculated.

29.5 Summary and Future Perspective

We have given a survey of both single molecular and possible
solid-state properties of C,, fullerenes. DFT and other mean-
field calculations give conflicting ground state energy orderings
for C,, isomers, but this situation is resolved by more accurate
QMC simulations. This demonstrates the need to take into
account electron correlations in predicting the C,, fullerene elec-
tronic properties. By fitting parameters in an effective one-band
Hubbard model defined on a C, fullerene, it has been possible to
demonstrate the effect of strong electron correlations: magnetic
to nonmagnetic molecule transition, metal to insulator transi-
tions, and the suppression of Jahn-Teller distortion, all of which
are driven by strong electron interactions. As to the examina-
tion of possible superconducting properties that has stimulated
most of the theoretical and experimental endeavors discussed
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in this chapter, we feel it is necessary to take into account both
the strong electronic correlations and the equally important
electron-phonon coupling. A balanced treatment of both inter-
actions together with an exact calculation seems to be a challeng-
ing but worthwhile problem in the field. On the experimental
side, it is really important to synthesize larger quantities of solid
C,,- Larger and better samples will allow theoretical calculations
to be tested experimentally. To summarize, we have seen in this
chapter many interesting properties of the C,, fullerene, the
smallest and truly unique member of the fullerene family.
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