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C28: A possible room temperature organic superconductor
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The electron-phonon coupling in fullerene C28 has been calculated from first principles. The value of the
associated coupling constantl/N(0) is found to be a factor 3.4 larger than that associated with C60. Assuming
similar values of the density of levels at the Fermi surfaceN(0) and of the Coulomb pseudopotentialm* for
C28-based solids as those associated with alkali doped fulleridesA3C60, one obtainsTc(C28)'8Tc(C60).
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The valence properties of small fullerenes,1 in particular,
of the smallest fullerene yet observed C28, is a fascinating
question at the fundamental level as well as in terms of
potential applications for the synthesis of new materials2–7

In supersonic cluster beams obtained from laser vapor
tion, C28 is the smallest even-numbered cluster, and thus
fullerene displaying the largest curvature, which is form
with special abundance. In fact, under suitable conditio
C28 is almost as abundant as C60.3 At variance with its most
famous family member C60, C28 is expected to form a cova
lent crystal~like C36, Refs. 8–10!, and not a van der Waal
solid.11 However, similarly to C60, fullerene C28 maintains
most of its intrinsic characteristics when placed inside
infinite crystalline lattice.2 The transport properties of th
associated metal doped fullerides, in particular supercond
tivity, can thus be calculated in terms of the electron-phon
coupling strengthl of the isolated molecule, and of the de
sity of states of the solid.12,13 In keeping with the fact tha
curvature–induced hybridization of the graphite sheetp or-
bitals, seems to be the mechanism explaining~cf. Refs.
12–15 and references therein! the large increase inTc in
going from graphite intercalated compounds (Tc'5 K! ~Ref.
16! to alkali-doped C60 fullerides (Tc'30–40 K!,17–19

fullerene C28 is a promising candidate with which to form
high-Tc material. These observations call for an accura
first-principle investigation of the electronic and vibration
PRB 620163-1829/2000/62~1!/130~4!/$15.00
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properties, as well as of the electron-phonon coupl
strength of this system. In the present work we present
results of such a study, carried out withinab initio density-
functional theory~DFT! in the local spin-density approxima
tion ~LSDA!. Our findings are that the associated value
l/N(0) is a factor 3.4 and 1.2 larger than that associa
with C60 ~Ref. 13! and C36 ~Ref. 9!, respectively. Under simi-
lar assumptions for the density of levels at the Fermi ene
N(0) and for the Coulomb pseudopotentialm* as those as-
sociated with alkali-doped fulleridesA3C60, one will thus
expect Tc(C28)'8Tc(C60), opening the possibility for
C28-based fullerides which are superconducting at, or cl
to, room temperature.

The equilibrium geometry of C28 obtained in the presen
calculation is similar to that proposed by Kroto an
co-workers,20 and has the fullTd point-group symmetry. All
atoms are threefold coordinated, arranged in 12 pentag
and 4 hexagons. The large ratio of pentagons to hexag
makes the orbital hybridization in C28 more of sp3 type
rather thansp2, the typical bonding of graphite and C60. The
sp3-like hybridization is responsible for a series of remar
able properties displayed by small fullerenes in general
by C28 in particular. Some of these properties are:~i! the
presence of dangling bonds, which renders C28 a strongly
reactive molecule,~ii ! the fact that C28 can be effectively
stabilized@becoming a closed-shell system displaying a la
130 ©2000 The American Physical Society
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highest occupied molecular orbital–lowest unoccupied m
lecular orbital~HOMO-LUMO! energy gap# by passivating
the four tetrahedral vertices either from the outside (C28H4)
or from the inside~U@C28).

3 It also displays a number o
hidden valences: in fact, C28H10, C28H16, C28H22, and
C28H28 are essentially as stable as C28H4 ~all displaying
HOMO-LUMO energy gap of the order of 1.5 eV!,1 in keep-
ing with the validity of the free-electron picture ofp elec-
trons which includes, as a particular case, the tetrava
chemist picture,~iii ! while typical values of the matrix ele
ments of the deformation potential involving the LUM
state range between 10 and 100 meV, the large numbe
phonons which couple to the LUMO state produces a to
electron-phonon matrix element of the order of 1 eV~cf.
Table I!, as large as the Coulomb repulsion between t
electrons in C28. This result@remember that the correspon
ing electron-phonon matrix element is;0.1 eV and the typi-
cal Coulomb repulsion is;0.5–1 eV for C60 ~Ref. 13!# tes-
tifies to the fact that one should expect unusual properties
both the normal and the superconducting state of C28-based
fullerides, where the criticisms leveled off against stand
theories of highTc of fullerenes ~cf., e.g., Refs. 13 and
21–24 and references therein! will be much in place.

In Fig. 1~a!, we report the electronic structure of C28
ccomputed within the local spin-density approximation,

TABLE I. Phonon wave numbers, symmetries, and zero-po
amplitudes @Ga[(\/2Mva)1/2# ~columns 1, 2, and 3! of the
phonons of C28 which couple to the LUMO state. In columns 4 an
5 the corresponding electron-phonon matrix elementsga and partial
coupling constantsla /N(0) are displayed. In the last row we sho
the corresponding summed values.

1/l @cm21# symm. Ga (1023 Å!
Matrix element

ga @meV#
la /N(0)

@meV#

351 E 63.3 7.9 1.0
391 T2 59.9 10.7 2.4
524 T2 51.8 49.7 38.0
565 A1 49.9 12.9 0.8
570 E 49.6 37.0 12.9
607 E 48.1 55.7 27.5
707 T2 44.6 42.5 20.6
724 T2 44.1 42.8 20.4
763 A1 42.9 46.2 7.5
771 T2 42.7 12.4 1.6
791 T2 42.1 0.9 0.0
976 E 37.9 43.6 10.5
983 T2 37.8 15.2 1.9

1093 T2 35.9 3.4 1.0
1101 A1 35.7 45.2 50.0
1116 E 35.5 68.9 22.8
1171 A1 34.6 6.4 0.1
1191 T2 34.3 43.6 12.9
1220 A1 33.9 30.5 2.0
1260 T2 33.4 21.2 2.9
1306 E 32.8 57.5 13.6
1381 T2 31.9 6.7 0.3
1414 E 31.5 49.2 9.2

Total: 710 214
-
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obtained from a Car-Parrinello25 molecular-dynamics
scheme.26,27Near the Fermi level we find three electrons in
t2 orbital, and one in aa1 orbital, all with the same spin, in
agreement with the results of Ref. 3. The situation is
altered, aside from a slight removal of the degeneracy, w
the negative anion, C28

2, is considered@see Fig. 1~b!#. In this
case, the additional electron goes into thet2 state, and has a
spin opposite to that of the four valence electrons of neu
C28.

The wave numbers, symmetries, and zero-point am
tudes of the phonons of C28 are displayed in Table I, togethe
with the matrix elements of the deformation potential defi
ing the electron-phonon coupling with the LUMO state. T
total matrix element summed over all phonons is equa
710 meV. The partial electron-phonon coupling consta
la /N(0), also shown in Table I, sum up to 214 meV. Th
value is a factor 2.5 larger than that observed in C60,13 and a

t

FIG. 1. Kohn-Sham levels of the neutral~a! and negatively
charged~b! C28 cluster calculated within the LSD approximation.a
andb label thez projection of the electron spin and arrows repr
sent the valence electrons.

FIG. 2. Calculated electron-phonon coupling constantl/N(0)
for C70 ~Ref. 30!, C60 ~Ref. 13!, C36 ~Ref. 9!, C28 ~cf. Table I!.
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factor 1.2 larger than the value recently predicted for C36.9

In Fig. 2 we display the values ofl/N(0) for C70, C60, C36,
and C28,

9,30–32which testify to the central role thesp3 cur-
vature induced hybridization has in boosting the stren
with which electrons couple to phonons in fullerenes.12–15

In keeping with the simple estimates ofTc carried out in
Refs. 13 and 9 for C60 and C36 based solids, we transform th
value of l/N(0) of Table I into a critical temperature b
making use of McMillan’s solution of Eliashber
equations,33,34

Tc5
v ln

1.2
expF2

1.04~11l!

l2m* ~110.62l!
G , ~1!

wherev ln is a typical phonon frequency~logarithmic aver-
age!, l is the electron-phonon coupling andm* is the Cou-
lomb pseudopotential, describing the effects of the repuls
Coulomb interaction. Typical values ofv ln for the fullerenes
under discussion isv ln'103 K ~cf., e.g., Refs. 35 and 36!.
Values ofN(0) obtained from nuclear magnetic resonan
lead to values of 8.1 and 12 states/eV spin for K3C60 and
Rb3C60, respectively~cf. Ref. 13 and references therein!.
Similar values forN(0) are expected for C36.9 Making use
k,
et
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of these values ofN(0) for all Cn-based solids (n570, 60,
36, and 28!, one obtains 0.1<l<3 for the range of values o
the associated parameterl. The other parameter entering E
~1!, namelym* and which is as important asl in determin-
ing Tc is not accurately known. For C60, m* is estimated to
be '0.25.13 Using this value ofm* , and choosingN(0) so
that Tc'19.5 K for C60, as experimentally observed fo
K3C60,13 one obtains Tc(C28)'8Tc(C60) and Tc(C28)
'1.3Tc(C36).

37

We conclude that C28-fullerene displays such larg
electron-phonon coupling matrix elements as compared
the repulsion between two electrons in the same molec
that it qualifies as a particular promising high-Tc supercon-
ductor. From this vantage point of view one can only spe
late concerning the transport properties which a condu
constructed making use of the other fullerene C20 as a build-
ing block, can display.40 In fact, this molecule is made en
tirely out of 12 pentagons with no hexagons, being the sm
est fullerene which can exist according to Euler theorem
polyhedra, and thus displaying the largest curvature a car
cage can have.

Calculations have been performed on the T3E Cray co
puter at CINECA, Bologna.
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