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We derive a model for the highest occupied molecular-orbital band qf,&r§@stal which includes on-site
electron-electron interactions. The form of the interactions are based on the icosahedral symmetry;ef the C
molecule together with a perturbative treatment of an isolatggdn@lecule. Using this model we do a
mean-field calculation in two dimensions on {i®0] 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 gy has generally been ascribed to a  We find thatT is peaked close to three holes and strongly
phonon mechanism due to strong electron-phonon couplinguppressed at five holes where the DOS based on the band
for some G, intramolecular modesHowever, due to their structure is maximized. This striking deviation from the be-
high energy and the narrow electronic bandwidth questionsavior expected from a BCS calculation based on band struc-
have been raised about the effectiveness of retardation fdure is related to a strong renormalization of the DOS due to
reducing the strong Coulomb repulsion in these matefills. the interactions. As a signature of the strong electron-
addition, a number of features suggest that these materiatdectron interactions we also find that depending on the de-
are very exotic, including Mott insulating behavior and so-tails of the interactions and band structure there may be non-
called “bad metal” behavior with resistivities that do not magnetic Mott insulating states at even integer fillings. Mott
saturate at high temperatur&bSuch behavior is reminiscent insulating behavior is indeed seen in alkali-doped com-
of the highT . cuprates where electron correlations are genpounds with a doping of two or four electrons per
erally accepted to play a crucial role. molecule’® In addition, an equivalent analysis for the

Another issue which is not well understood is the varia-LUMO band gives a pair-binding interaction which is
tion of T, with doping. The various alkali-doped materials roughly 60% of that for the HOMO band in the relevant
have T.'s that are maximized near the half-filled LUMO parameter regime, which suggests a possibility for higher
(lowest unoccupied molecular-orbitddand, i.e., three elec- T.'s for a hole-doped material.
trons per Gy, and confined to a narrow doping range around Perturbation theoryLet us start by considering the fol-
this. This variation ofT; with doping does not correspond to lowing Hubbard model on a singlesgmolecule,
the densityé of stategDOS) as given by band-structure
calculations: Again, a clear indicator that correlation effects U
are important.g Hego=— ”E” tj(cl,cjotH.c)+ > Z,r Nighi—y, (1)

Here we study the effects of electronic correlations on a
crystal of Gy molecules based on the strong intramolecularwhere the only nonvanishing hopping integrals &gyet for
electron-electron interactions. Our approach, which expandsearest-neighbofnn) hopping on pentagons arg=t’ for
on earlier work by Chakravartgt al® (see also Ref. 6 for nn hopping between pentagons. We use2 eV andt’/t
similar and independent ideasan be summarized as fol- =1.2 in accordance with the values used in Ref. 5 and allow
lows. We solve the Hubbard model on a truncated icosahed to vary. Values ofJ ~5-12 eV have been suggested in the
dron, i.e., a single & molecule, in second-order perturbation literature®
theory in the on-site repulsiod. We do this for the HOMO We do standard second-order perturbation theory in Hub-
(highest occupied molecular-orbitaedtates given by diago- bardU. Since the Hamiltonian is spin rotationally invariant
nalizing the tight-binding [ =0) Hamiltonian. Based on the the states fall into degenerate sets corresponding to irreduc-
perturbative spectrum we formulate an effective interactingble representations of the icosahedral grogpnd spin. The
Hamiltonian in terms of holes characterized by orbital angu-states are well characterized by angular momentum and only
lar momentum and spin. We then consider a crystal gf C weakly split by the icosahedral symmetry.
molecules with nearest-neighbor hopping and where this ef- The validity of second-order perturbation theory for the
fective Hamiltonian for the interactions on a singlg,@ol-  largelU Hubbard model and the neglect of longer-range Cou-
ecule corresponds to the on-site interactions. Subsequentlgmb interaction for this problem have been under debite.
we do a standard BCS/Hartree-Fock calculation o[ 18§]  has been shown by exact diagonalization that for small Hub-
surface of an fcc crystal using this lattice Hamiltonian. Thebard clusters(e.g., the 12-site truncated tetrahedrdhe
Hartree-Fock calculation on a surface- and hole-dopggl C second-order perturbation theory is qualitatively correct giv-
crystal is a model calculation. Nevertheless, we feel that théng positive pair-binding energies for moderately latgé In
method presented as well as the qualitative features of thaddition, longer-ranged repulsions are more effectively
results are relevant also to the alkali-doped materials. screened by the metallic environment than the high-energy
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FIG. 1. Coupling constants of the effective interactions labeled g 2. Magnitude of the coupling constantsd% n2 andl2

according to [,S). The split due to icosahedral symmetry is not respectivelyg,u,\, and theL =2 andL =3 tensor invariants.{ is
explicitly labeled. U is in units oft=2 eV) in units oft=2 eV)

second-order processes that give rise to the attrattion. qqucts. we neglect the additional two invariants that can

Here, we explore the consequences of this model assumirjg constructed from tracing the two different realizations of
that it gives a reasonable estimate of the molecular spectrup together since these are not allowed undéd)@nd since
and the resulting pair attraction. _ the deviance from full rotational symmetry is small.
Effective _mteractlons_Usmg t_he perturbation theory re- The effective Hamiltoniar(2) is then used to match the
sults we derive a set of interactions for the crystal. Althoug%pectrum found from the perturbation theogy.is given by
the perturbative result contains terms to higher order in ferthe energy of the neutral moleculilled HOMO), e, by the
mion operators, we take the effective Hamiltonian ten-fold degenerate one-hole states and the two-hole spec-
trum is in one-one correspondence to the seven four-fermion
Hor=€0— €1 Myt tiThimnegvsCraClsCmCns, (2)  terms with energies eo—2e;+2t;, which fixes t;
¢ fo 7 KmnepyorkapEmyEn =t,(U,U?) as shown in Fig. 1.
which acts on a space of one-particle states in the five- In spite of its relative simplicity this effective model re-
: : P . P t produces the trend found in the perturbative calculation,
dimensionaH,, representation adf,,. Herec,, creates a hole namely, that for moderately lardé states with low spin and

with quantum numbek=1,...,5 andspin a, ni, is the |5y «gngular momentum” have lower energy, i.e., Hund’s
number operator and alike indices are henceforth summeg,jq s not valid. To make this statement more transparent we

over. Theey, €,, andt; are parameters and th%maﬁy&_are can consider the conventional four-fermion operatgsS?,
tensors chosen to make the four-fermion teffhsnvariant S ) )
and L, invariant under O(3¥X SU(2). To fitthese to the

independently under spin and icosahedral symmetry. -
Group theory reveals that there are nine such independefrmal ordered four-fermion operatofs we also need the

four-fermion terms. These can be derived by constructing ailénsor invariants of a?gular moment@f QF (no sum over
two-fermion termsc,.,c, 4 transforming in a particular repre- L) where Qf'=QF j;cj,Cj, transform as thd. =23, or 4
sentation of spin and angular momentum and taking the tragepresentation of S@) (a=1,...,4+1). We find,n’=n

ing with their Hermitian conjugates. We can write for the +3,T', =2n+3[S(S+1)/2-3]T" and L?=6n
product of two fermions in the representatibhof 1, and  +3;[L;(L;+1)/2—6]T', withi, S;, andL; as defined in Eq.
spin-1/2, HOH=(A®G®2H)+ (T T,®G),, 1/221/2  (3) and with similar expressions for the other operators.
=0,® 15 wheres and a mean the symmetric and antisym- Apart from the small split due to icosahedral symmetry,
metric parts of the tensor products and whérd,,T,,G, which we average over, we get new coupling constants as

andH are the one-, three-, three-, four-, and five-dimensionakhown in Fig. 2(TheL=2,3 invariants are normalized B3

representations df,, respectively. . and due to overcompleteness we choose not to include the
The product of two anticommuting fermion operators thus = 4 tensor invariant.

reduces into seven irreducible parts, given by finding the

interactions.
Lattice Hamiltonian.We can now write down the lattice
Hamiltonian

cording to from which two-fermion operators they are con-
structed using the composite index

i={(A,0,0),(H,2,0,(G,4,0),(H,4,0),(T.,1,1),

H= 2 tff’,kI(C}’k”CE/‘|U+ H.c)
(T2,3,1),(G,3,1)}. 3 &,

sponding angular momentum in the case of full rotational

symmetry, @3), and spin, respectively. The tensors

Thimnapys @re normalized such that they are projection op-wherer are the sites of the lattice ardr’) runs over the
erators into thath irreducible subspace of the two-fermion range of intermolecular hopping. This model is quite general

Here R;,L;,S) indicates icosahedral representation, corre- +Z g§;.§;+)\lfg-|:;+un§, (4)
r
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and could be used also for electron doped systems in two or We have taken hopping parameters from Ref. 12. For hole
three dimensions' Here we consider a model where the hopping we have, t;=—0.107f,=0.198t,=0.134t,

charge is confined to tH&.00] surface of the fcc crystal, i.e. =—0.032{5=—0.170f,,=0.087, t;3=0.073f,3=0.1621 45
a two dimensional system Wheféf’> corresponds to nn on =0.115 eV. The Hamiltonian has the symmettyp)
a square lattice. From the perturbative calculatieig. 2 we  =—t(p+(#,0)) implying a symmetric band structure

takeg,\,u>0. Note that the confinement of electron propa-around zero energy where all bands will be half filled and

gation to the surface completely breaks the fivefold degenthere are Van Hove singularities at zero energy @, p,)

eracy of the HOMO states. This will be manifest in the tight- = (+ 7/2,+ 7/2).

binding part of the Hamiltonian which reflects the point  The Hartree-Fock term&) have interesting properties re-

group symmetry of the surface. lated to their multiband nature. For positigeand u it is
Typical hopping integrals are of the order of 0.1 €Ref.  energetically favorable to fill up as few bands as possible for

12) which is comparable to the interactiotig. 2), the 5 given particle number. The ter-S; gives on-site spin-
problem is in an intermediate coupling regime. Neverthelessyip|et states with higher energy than singlets, so that by put-
we do a standard BCS/Hartree-Fock construction, replacingng particles in a single angular momentum state the energy
the Hamiltonian(4) by a reduced noninteracting Hamil- can pe lowered by exclusion, and similarly for the on-site
tonian. We keep only spatially uniform superconductlngcharging energylr%, where two particles with the same spin

mean ﬂe'dSbk'“B:(1N)EF<CF'k“CF"@r> and mean fields of 4 angular momentum cannot occupy the same site. The
the number operators ,= (1NV)2{c-, ¢/ ,). We canthen - - . . : :
* L;-L; term on the other hand gives rise to an anisotropic

rla
g;;::/z the following effective Hamiltonian in momentum attraction between the components.
For positive parameterg u, and\ theL=0, S=0 pair-
ing channel of Eq(5) is the strongest and we can expect this
Hur=Hq+ Hpai,+HHF=E [t(p)k|—M5k|]C;,kUCp,|g to dominate. But, since the rotational invariance of thg C
P molecules is broken by the lattice, subdominant order param-
eters with nonzero angular momentum appear and in general
-> (C;,mCip,kaO kiffr H-C-)+hHF,k|C£,kan,|a, all threeS=0 order parameters may be nonzero.
LS What kind of physics can we expect from this model? For
(5) large g or u there may be Mott insulating states at even
integer 2 filling wheren bands of angular momentum states
will fill up completely. If u is not very large compared @
the insulating state will be nonmagnetic due to the low en-
_ ergy of molecular singletgFor the regimeu>g, not real-
Okisg=Vis. 2 Tmnapysdmnys: (6) ized here, there may also be magnetic insulating states at odd
HhimhS=S integer filling) The pairing terms compete with a putative
where V| s=[3—S(S+1)/2]g+[6—L(L+1)/2]\—u and insulating state due to the Hartree-Fock terms so that even

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

V, <>0 corresponds to attraction. for largeg or A there may be a superconducting ground state
Assuming no net magnetization the Hartee-Fock term&/SO at even integer fillings, although a suppressioff Ofs
can be written(no sum over) likely due to the low DOS when the bands are nearly filled or

empty. In general we can expect the Hartree-Fock terms to
completely recast the DOS compared to that given by the
n|+zgl nk), () band structure and consequently alges.

ResultsBy numerical iteration of the mean particle num-
wheren,=n; +n,, is the total particle number with angular ber in the five angular momentum components and the sc
momentum component! and 7=(3n,+3ns,4n,+n, Mean fields at fixed chemical potential we arrive at self-
+Ns,4N,+ N4+ Ng,3n; + N+ N3+ N5, 30+ Ny+ Nyt Ny). consistent solutions. For all plots the system size is 100

(In addition there is one off-diagonal componey(ns <100 with at least ten sampling points per unit shift in par-
— n4)(C;§,1an,za+ H.c.), which is included in our calcula- ticle number. Figure 3 shows the energy gap 2he norm of

3
hHF,||:—Zgn|—7\T|+U

tions but which will in general be small. the s.c Losrder parametefdefined asyTrOO" with O
The tight-binding part of the Hamiltonian for the simplest ==,sO ) atT=0 andT, as a function of doped hol¢sp
(unidirectiona) crystal structure takes the form to seven holgs for parameters u=0.09g=0.06\

=0.02 eV, both with and without Hartree-Fo@K-F) terms.

[ tafy  tof, tigg, O 0 T We find thatT. scales roughly linearly witiA and the re-
tofy  tofy 1o 0 0 duced gap A/T.~3.2 is close to the weak coupling BCS
P P P value (3.53. For the calculation with H-F terms the magni-
t(P)=| t19p t2lp tsfp O O |, (8 tude of the order parameténot in the figurg fits very well
0 0 0 tafp  tus9p with 2A. Without H-F terms there is a deviation from this fit
around five holes, due to a momentum-dependent gap.
0 0 0  tugp tsfp

Figure 4 shows the density of statés/du, for the same
wheref ,=cosf,)cosfy) andg,=sin(p,)sin(p,). parameters and with Hartree-Fock terms and the DOS from
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FIG. 3. Spectral gap & and norm ofO,, at T=0 and T, for FIG. 4. Density of states. The thick solid line is for parameters

parametersu=0.09g=0.06\=0.02 eV as a function of doped @as in Fig. 3, calculated at 150 K. The thiashedline is the DOS
holes. The loweruppe) curves are with(without) Hartree-Fock ~ from band structure af=0 (T=150 K).

terms.

coupling. The important result is the qualitative behavior of
T. as a function of doping.

the noninteracting band structu¢®), i.e., the DOS without Without Hartree-Fock terms[ follows the DOS of the
H-F terms. Since we find self-consistent solutions of both théand structure with a corresponding maximum at the half-
band fillings and the gaps we calculate the DOS at finitdilled band. This should be contrasted with the results for the
temperature, abov&,, for the realization with H-F terms, ~ full Hamiltonian which has & that is maximized close to
The values of andu chosen here correspond roughly to three holes and which is strongly suppressed at five holes.
the perturbative spectrurtFig. 2 at U=5, but we have The DOS is suppre_sse_d at four and six holes du_e to the
reducedg significantly in order for the pairing attraction not commensurate Ioc_K n d|§cussed above. In fact_, the mfluence
to dominate completely. One could argue that the seconon these ;pemal fillings is such .that the DOS IS .IOW n Fhe
order perturbation theory can be expected to overestimate tﬁ'&hOIe region between four and six holes where it is the high-

core-polarization effect that gives ti88 term. Of course, the

est without interactions.

actual magnitude of . and the gap that we find should not = We thank S.A. Kivelson for valuable comments. This re-
be taken too literally since parameters are only rough estisearch was supported by STINT and the Swedish Research
mates and we are doing mean-field theory at relatively stron@ouncil.
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