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Superconductivity in hole-doped C60 from electronic correlations
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We derive a model for the highest occupied molecular-orbital band of a C60 crystal which includes on-site
electron-electron interactions. The form of the interactions are based on the icosahedral symmetry of the C60

molecule together with a perturbative treatment of an isolated C60 molecule. Using this model we do a
mean-field calculation in two dimensions on the@100# surface of the crystal. Due to the multiband nature we
find that the electron-electron interactions can have a profound effect on the density of states as a function of
doping. The doping dependence of the transition temperature can then be qualitatively different from that
expected from simple BCS theory based on the density of states from band structure calculations.
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Superconductivity in C60 has generally been ascribed to
phonon mechanism due to strong electron-phonon coup
for some C60 intramolecular modes.1 However, due to their
high energy and the narrow electronic bandwidth questi
have been raised about the effectiveness of retardation
reducing the strong Coulomb repulsion in these materials2 In
addition, a number of features suggest that these mate
are very exotic, including Mott insulating behavior and s
called ‘‘bad metal’’ behavior with resistivities that do no
saturate at high temperatures.3,4 Such behavior is reminiscen
of the high-Tc cuprates where electron correlations are g
erally accepted to play a crucial role.

Another issue which is not well understood is the var
tion of Tc with doping. The various alkali-doped materia
have Tc’s that are maximized near the half-filled LUMO
~lowest unoccupied molecular-orbital! band, i.e., three elec
trons per C60, and confined to a narrow doping range arou
this. This variation ofTc with doping does not correspond t
the density of states~DOS! as given by band-structur
calculations.3 Again, a clear indicator that correlation effec
are important.

Here we study the effects of electronic correlations o
crystal of C60 molecules based on the strong intramolecu
electron-electron interactions. Our approach, which expa
on earlier work by Chakravartyet al.5 ~see also Ref. 6 for
similar and independent ideas!, can be summarized as fo
lows. We solve the Hubbard model on a truncated icosa
dron, i.e., a single C60 molecule, in second-order perturbatio
theory in the on-site repulsionU. We do this for the HOMO
~highest occupied molecular-orbital! states given by diago
nalizing the tight-binding (U50) Hamiltonian. Based on the
perturbative spectrum we formulate an effective interact
Hamiltonian in terms of holes characterized by orbital an
lar momentum and spin. We then consider a crystal of60
molecules with nearest-neighbor hopping and where this
fective Hamiltonian for the interactions on a single C60 mol-
ecule corresponds to the on-site interactions. Subseque
we do a standard BCS/Hartree-Fock calculation on the@100#
surface of an fcc crystal using this lattice Hamiltonian. T
Hartree-Fock calculation on a surface- and hole-doped60
crystal is a model calculation. Nevertheless, we feel that
method presented as well as the qualitative features of
results are relevant also to the alkali-doped materials.
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We find thatTc is peaked close to three holes and stron
suppressed at five holes where the DOS based on the
structure is maximized. This striking deviation from the b
havior expected from a BCS calculation based on band st
ture is related to a strong renormalization of the DOS due
the interactions. As a signature of the strong electr
electron interactions we also find that depending on the
tails of the interactions and band structure there may be n
magnetic Mott insulating states at even integer fillings. M
insulating behavior is indeed seen in alkali-doped co
pounds with a doping of two or four electrons p
molecule.7,8 In addition, an equivalent analysis for th
LUMO band gives a pair-binding interaction which
roughly 60% of that for the HOMO band in the releva
parameter regime, which suggests a possibility for hig
Tc’s for a hole-doped material.

Perturbation theory.Let us start by considering the fol
lowing Hubbard model on a single C60 molecule,

HC60
52(

i j ,s
t i j ~cis

† cj s1H.c.!1
U

2 (
i ,s

nisni 2s , ~1!

where the only nonvanishing hopping integrals aret i j 5t for
nearest-neighbor~nn! hopping on pentagons andt i j 5t8 for
nn hopping between pentagons. We uset52 eV and t8/t
51.2 in accordance with the values used in Ref. 5 and al
U to vary. Values ofU;5 –12 eV have been suggested in t
literature.3

We do standard second-order perturbation theory in H
bard U. Since the Hamiltonian is spin rotationally invaria
the states fall into degenerate sets corresponding to irre
ible representations of the icosahedral groupI h and spin. The
states are well characterized by angular momentum and
weakly split by the icosahedral symmetry.

The validity of second-order perturbation theory for t
large-U Hubbard model and the neglect of longer-range C
lomb interaction for this problem have been under debate3 It
has been shown by exact diagonalization that for small H
bard clusters~e.g., the 12-site truncated tetrahedron! the
second-order perturbation theory is qualitatively correct g
ing positive pair-binding energies for moderately largeU.9 In
addition, longer-ranged repulsions are more effectiv
screened by the metallic environment than the high-ene
©2002 The American Physical Society01-1
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second-order processes that give rise to the attractio10

Here, we explore the consequences of this model assum
that it gives a reasonable estimate of the molecular spec
and the resulting pair attraction.

Effective interactions.Using the perturbation theory re
sults we derive a set of interactions for the crystal. Althou
the perturbative result contains terms to higher order in
mion operators, we take the effective Hamiltonian

He f f5e02e1(
l ,s

nls1t iTklmnabgd
i cka

† clb
† cmgcnd , ~2!

which acts on a space of one-particle states in the fi
dimensionalHu representation ofI h . Herecka

† creates a hole
with quantum numberk51, . . . ,5 andspin a, nls is the
number operator and alike indices are henceforth sum
over. Thee0 , e1, andt i are parameters and theTklmnabgd

i are
tensors chosen to make the four-fermion termsTi invariant
independently under spin and icosahedral symmetry.

Group theory reveals that there are nine such indepen
four-fermion terms. These can be derived by constructing
two-fermion termsckaclb transforming in a particular repre
sentation of spin and angular momentum and taking the t
ing with their Hermitian conjugates. We can write for th
product of two fermions in the representationH of I h and
spin-1/2, H ^ H5(A% G% 2H)s1(T1% T2% G)a , 1/2^ 1/2
50a% 1s wheres and a mean the symmetric and antisym
metric parts of the tensor products and whereA,T1 ,T2 ,G,
andH are the one-, three-, three-, four-, and five-dimensio
representations ofI h , respectively.

The product of two anticommuting fermion operators th
reduces into seven irreducible parts, given by finding
antisymmetric part of the product of angular momentum a
spin. We then construct the invariant four-fermion operat
Ti , with corresponding coupling constantst i , labeled ac-
cording to from which two-fermion operators they are co
structed using the composite index

i 5$~A,0,0!,~H,2,0!,~G,4,0!,~H,4,0!,~T1,1,1!,

~T2,3,1!,~G,3,1!%. ~3!

Here (Ri ,Li ,Si) indicates icosahedral representation, cor
sponding angular momentum in the case of full rotatio
symmetry, O~3!, and spin, respectively. The tenso
Tklmnabgd

i are normalized such that they are projection o
erators into thei th irreducible subspace of the two-fermio

FIG. 1. Coupling constants of the effective interactions labe
according to (L,S). The split due to icosahedral symmetry is n
explicitly labeled. (U is in units of t52 eV)
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products. We neglect the additional two invariants that c
be constructed from tracing the two different realizations
H together since these are not allowed under O~3! and since
the deviance from full rotational symmetry is small.

The effective Hamiltonian~2! is then used to match th
spectrum found from the perturbation theory.e0 is given by
the energy of the neutral molecule~filled HOMO!, e1 by the
ten-fold degenerate one-hole states and the two-hole s
trum is in one-one correspondence to the seven four-ferm
terms with energies e022e112t i , which fixes t i
5t i(U,U2) as shown in Fig. 1.

In spite of its relative simplicity this effective model re
produces the trend found in the perturbative calculati
namely, that for moderately largeU states with low spin and
low ‘‘angular momentum’’ have lower energy, i.e., Hund
rule is not valid. To make this statement more transparent
can consider the conventional four-fermion operatorsn2, SW 2,
and LW 2, invariant under O(3)3SU(2). To fit these to the
normal ordered four-fermion operatorsTi we also need the
tensor invariants of angular momentumQ L

aQ L
a ~no sum over

L) where Q L
a5QL,i j

a cia
† cj a transform as theL52,3, or 4

representation of SO~3! (a51, . . . ,2L11). We find,n25n

1( iT
i , SW 25 3

4 n1( i@Si(Si11)/22 3
4 #Ti and LW 256n

1( i@Li(Li11)/226#Ti , with i, Si , andLi as defined in Eq.
~3! and with similar expressions for the other operato
Apart from the small split due to icosahedral symmet
which we average over, we get new coupling constants
shown in Fig. 2.~TheL52,3 invariants are normalized asLW 2

and due to overcompleteness we choose not to include
L54 tensor invariant.!

We find that for largeU, n2, LW 2, and SW 2 dominate the
energetics and we will subsequently only use these as a m
mal model expected to capture the important physics of
interactions.

Lattice Hamiltonian.We can now write down the lattice
Hamiltonian

H5 (
^rWrW8&

t rWrW8,kl~crW,ks
†

crW8,ls1H.c.!

1(
rW

gSW rW•SW rW1lLW rW•LW rW1unrW
2 , ~4!

where rW are the sites of the lattice and^rWrW8& runs over the
range of intermolecular hopping. This model is quite gene

d FIG. 2. Magnitude of the coupling constants ofSW 2, n2, andLW 2,
respectively,g,u,l, and theL52 andL53 tensor invariants. (U is
in units of t52 eV)
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and could be used also for electron doped systems in tw
three dimensions.11 Here we consider a model where th
charge is confined to the@100# surface of the fcc crystal, i.e
a two dimensional system where^rWrW8& corresponds to nn on
a square lattice. From the perturbative calculation~Fig. 2! we
takeg,l,u.0. Note that the confinement of electron prop
gation to the surface completely breaks the fivefold deg
eracy of the HOMO states. This will be manifest in the tigh
binding part of the Hamiltonian which reflects the poi
group symmetry of the surface.

Typical hopping integrals are of the order of 0.1 eV~Ref.
12! which is comparable to the interactions~Fig. 2!, the
problem is in an intermediate coupling regime. Neverthele
we do a standard BCS/Hartree-Fock construction, replac
the Hamiltonian ~4! by a reduced noninteracting Hami
tonian. We keep only spatially uniform superconducti
mean fieldsbklab5(1/V)( rW^crW,kacrW,lb& and mean fields of
the number operatorsnla5(1/V)( rW^crW,la

†
crW,la&. We can then

derive the following effective Hamiltonian in momentum~p!
space

HMF5H01Hpair1HHF5(
p

@ t~p!kl2mdkl#cp,ks
† cp,ls

2(
L,S

~cp,lb
† c2p,ka

† O klab
L,S 1H.c.!1hHF,klcp,ka

† cp,la ,

~5!

where we included a chemical potentialm. We define the
components of the order parameter

O klab
L,S 5VL,S (

i :Li5L,Si5S
Tklmnabgd

i bmngd , ~6!

where VL,S5@ 3
4 2S(S11)/2#g1@62L(L11)/2#l2u and

VL,S.0 corresponds to attraction.
Assuming no net magnetization the Hartee-Fock ter

can be written~no sum overl ),

hHF,l l 52
3

4
gnl2lt l1uS nl12(

kÞ l
nkD , ~7!

wherenl5nl↑1nl↓ is the total particle number with angula
momentum component l and tW5(3n413n5,4n31n4
1n5,4n21n41n5 ,3n11n21n31n5,3n11n21n31n4).
~In addition there is one off-diagonal componentA3l(n5

2n4)(cp,1a
† cp,2a1H.c.), which is included in our calcula

tions but which will in general be small.!
The tight-binding part of the Hamiltonian for the simple

~unidirectional! crystal structure takes the form

t~p!kl8F t1f p t12f p t13gp 0 0

t12f p t2f p t23gp 0 0

t13gp t23gp t3f p 0 0

0 0 0 t4f p t45gp

0 0 0 t45gp t5f p

G , ~8!

where f p5cos(px)cos(py) andgp5sin(px)sin(py).
18050
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We have taken hopping parameters from Ref. 12. For h
hopping we have, t1520.107,t250.198,t350.134,t4

520.032,t5520.170,t1250.087, t1350.073,t2350.162,t45

50.115 eV. The Hamiltonian has the symmetryt(p)
52t„p1(p,0)… implying a symmetric band structur
around zero energy where all bands will be half filled a
there are Van Hove singularities at zero energy at (px ,py)
5(6p/2,6p/2).

The Hartree-Fock terms~7! have interesting properties re
lated to their multiband nature. For positiveg and u it is
energetically favorable to fill up as few bands as possible
a given particle number. The termSW rW•SW rW gives on-site spin-
triplet states with higher energy than singlets, so that by p
ting particles in a single angular momentum state the ene
can be lowered by exclusion, and similarly for the on-s
charging energynrW

2 , where two particles with the same sp
and angular momentum cannot occupy the same site.
LW rW•LW rW term on the other hand gives rise to an anisotro
attraction between the components.

For positive parametersg, u, andl the L50, S50 pair-
ing channel of Eq.~5! is the strongest and we can expect th
to dominate. But, since the rotational invariance of the C60
molecules is broken by the lattice, subdominant order par
eters with nonzero angular momentum appear and in gen
all threeS50 order parameters may be nonzero.

What kind of physics can we expect from this model? F
large g or u there may be Mott insulating states at ev
integer 2n filling wheren bands of angular momentum stat
will fill up completely. If u is not very large compared tog
the insulating state will be nonmagnetic due to the low e
ergy of molecular singlets.~For the regimeu@g, not real-
ized here, there may also be magnetic insulating states at
integer filling.! The pairing terms compete with a putativ
insulating state due to the Hartree-Fock terms so that e
for largeg or l there may be a superconducting ground st
also at even integer fillings, although a suppression ofTc is
likely due to the low DOS when the bands are nearly filled
empty. In general we can expect the Hartree-Fock term
completely recast the DOS compared to that given by
band structure and consequently alsoTc’s.

Results.By numerical iteration of the mean particle num
ber in the five angular momentum components and the
mean fields at fixed chemical potential we arrive at se
consistent solutions. For all plots the system size is 1
3100 with at least ten sampling points per unit shift in pa
ticle number. Figure 3 shows the energy gap 2D, the norm of
the s.c order parameter~defined asATrOO † with O
5(L,SO L,S) at T50 andTc as a function of doped holes~up
to seven holes! for parameters u50.09,g50.06,l
50.02 eV, both with and without Hartree-Fock~H-F! terms.
We find thatTc scales roughly linearly withD and the re-
duced gap 2D/Tc'3.2 is close to the weak coupling BC
value ~3.53!. For the calculation with H-F terms the magn
tude of the order parameter~not in the figure! fits very well
with 2D. Without H-F terms there is a deviation from this fi
around five holes, due to a momentum-dependent gap.

Figure 4 shows the density of states,]n/]m, for the same
parameters and with Hartree-Fock terms and the DOS f
1-3
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M. GRANATH AND S. ÖSTLUND PHYSICAL REVIEW B 66, 180501~R! ~2002!
the noninteracting band structure~8!, i.e., the DOS without
H-F terms. Since we find self-consistent solutions of both
band fillings and the gaps we calculate the DOS at fin
temperature, aboveTc , for the realization with H-F terms.

The values ofl andu chosen here correspond roughly
the perturbative spectrum~Fig. 2! at U55, but we have
reducedg significantly in order for the pairing attraction no
to dominate completely. One could argue that the seco
order perturbation theory can be expected to overestimate
core-polarization effect that gives theSW 2 term. Of course, the
actual magnitude ofTc and the gap that we find should n
be taken too literally since parameters are only rough e
mates and we are doing mean-field theory at relatively str

FIG. 3. Spectral gap 2D and norm ofOsc at T50 andTc for
parametersu50.09,g50.06,l50.02 eV as a function of doped
holes. The lower~upper! curves are with~without! Hartree-Fock
terms.
d
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coupling. The important result is the qualitative behavior
Tc as a function of doping.

Without Hartree-Fock terms,Tc follows the DOS of the
band structure with a corresponding maximum at the h
filled band. This should be contrasted with the results for
full Hamiltonian which has aTc that is maximized close to
three holes and which is strongly suppressed at five ho
The DOS is suppressed at four and six holes due to
commensurate lock in discussed above. In fact, the influe
of these special fillings is such that the DOS is low in t
whole region between four and six holes where it is the hi
est without interactions.

We thank S.A. Kivelson for valuable comments. This r
search was supported by STINT and the Swedish Rese
Council.

FIG. 4. Density of states. The thick solid line is for paramete
as in Fig. 3, calculated at 150 K. The thin~dashed! line is the DOS
from band structure atT50 (T5150 K).
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