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Electronic mechanism of superconductivity in the cuprates, C60, and polyacenes

Sudip Chakravarty and Steven A. Kivelson
Department of Physics and Astronomy, University of California Los Angeles, Los Angeles, California 90095-1547

~Received 20 December 2000; published 20 July 2001!

On the basis of an analysis of theoretical and numerical studies of model systems and of experiments on
superconductivity in doped C60, polyacenes, and the cuprate high-temperature superconductors, we propose
that a purely electronic mechanism of superconductivity requires structures at an intermediate scale or mesos-
cale. Specifically, we address the crucial question of how high-temperature superconducting pairing on the
mesoscale can arise from purely repulsive electronic interactions.

DOI: 10.1103/PhysRevB.64.064511 PACS number~s!: 74.72.2h, 74.20.2z, 74.70.Wz, 74.20.Mn
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I. INTRODUCTION

Induced attractions between electrons, such as are m
ated by phonons in conventional superconductors, are t
cally weak while the direct repulsive interactions betwe
electrons are strong. It has therefore long been felt that
key to high-temperature superconductivity is a purely el
tronic mechanism that directly exploits the repulsive inter
tion to produce pairing.

After the discovery of high-temperature superconductiv
in cuprates by Bednorz and Mu¨ller,1 an idea for how this
could be achieved was proposed.2 It was suggested that a
antiferromagnet disordered by quantum fluctuations
characterized by resonating singlet pairs of spins could
viewed as a state in which superconducting pairing occ
even though the system is an insulator with one electron
site and zero superfluid density. In this case, when dope
that charge motion is allowed, the system will automatica
become a superconductor. A related idea is that singlet
formation in the insulating state produces a gap in the s
excitation spectra,3,4 which evolves into the superconductin
pairing gap upon doping.

A fundamental flaw with this approach soon beca
clear; in the relevant two-dimensional spin-1/2 antiferrom
net on a square lattice, the ground state is magnetic
ordered5 and indeed so strongly that the elementary exc
tions about the ordered state, spin waves, give a quan
tively accurate description of many quantities. Needless
say, the magnetically ordered state bears no resemblance
superconductor, even locally.

Yet intuition that the high-energy scale of high
temperature superconductors must have its origin in re
sive interactions remained. The discovery by Hebardet al.6

of high-temperature superconductivity in alkali-doped C60
was another milestone. It illuminated a path, in the clea
terms, that the missing element in the above revolution
argument is the existence of a mesoscale structure. The60
molecule itself plays the role of this structure, permitti
electronic pairing, which would disappear if the molecu
were expanded to the macroscopic scale. We were thus le
propose a mechanism7–9 of superconductivity in which at-
traction arises from repulsion. Later it was suggested th
similar pairing mechanism may apply in the cuprate hig
temperature superconductors,10,11 where the relevant mesos
copic structures are self-organized stripes.
0163-1829/2001/64~6!/064511~9!/$20.00 64 0645
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Here, we present evidence, which we consider to be
ceedingly strong, that this set of ideas underlies the oc
rence of high-temperature superconductivity in diverse m
terials. It is shown that local singlet formation as a drivin
mechanism for ‘‘pairing’’ is correct, but only on a meso
copic scale. The pairing tendencies are either much wea
or nonexistent in extended systems.

There are also a number of remarkable recent experim
on doped C60 ~Refs. 12 and 13! and polyacene crystalline
films14 which encourage the view that these are electro
cally driven true high-temperature superconductors in d
guise. Although the authors of these papers ascribe the
perconductivity of these materials to the electron-phon
interaction, we feel that the experimental facts, including
high value ofTc itself ~presently up to 52 K!, rather indicate
that these materials are true ‘‘high-temperature supercond
ors,’’ in which correlation effects play a dominant role bo
in the normal state and in the mechanism of superconduc
ity. We shall briefly discuss this issue in the final section.

It is important to stress the distinction betweenpossible
and necessaryconsequences of the existence of mesosc
structures — surely not all forms of repulsive interactions
any given cluster will lead to pair binding. Additionally
there are strong reasons15,16 to expect the same mesosca
physics to lead to competing orders. Indeed, we propose
the existence of a complex phase diagram with a variety
broken symmetry phases, including high-temperature su
conductivity, is a characteristic feature of a material with
electronic mechanism of pairing on the mesoscale. It m
not generally be clear, however, whether competing ord
cause or are induced by mesoscale structure.

II. MESOSCALE PAIR BINDING

At atomic scales, the Hamiltonian is simple~although
strongly interacting! and the dominant Coulomb interaction
are readily identified. At the macroscopic scale, the phys
is again simple and is governed by the universal propertie
the attractive fixed points of the renormalization gro
theory. However, as the high-energy degrees of freedom
integrated out, beginning with the microscopic scale, ev
imaginable multiparticle interaction is generated, so that
effective Hamiltonian becomes complicated and the do
nant physics can be obscure. Thus, it is necessary to
determine whether there is any robust and predictable be
©2001 The American Physical Society11-1
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SUDIP CHAKRAVARTY AND STEVEN A. KIVELSON PHYSICAL REVIEW B64 064511
ior at all. We argue that on certain finite clusters quant
fluctuations of the spins can produce a disordered gro
state with a large gap in the spin excitation spectrum an
robust pair binding of holes or electrons.

In each case, we start with a ‘‘neutral’’ cluster withN sites
and one electron per site. For all the systems studied,
neutral cluster has a unique, spin-singlet groundstate. We
fine E(Q,S) to be the lowest-energy eigenvalue of the clu
ter with total spinS and ‘‘charge’’Q or, equivalently, a total
of N1Q electrons. Whenever the ground state is a spin
glet, we can define the spin gapDs to be

Ds~Q!5E~Q,1!2E~Q,0!. ~1!

The pair-binding energy is defined as

Ep~Q!52E~Q11!2E~Q12!2E~Q!, ~2!

where E(Q) signifies the minimum overS of E(Q,S).
Clearly, a positive pair-binding energy signifies an effect
attraction between electrons, in the sense that givenN
1Q11) electrons and two clusters, it is energetically pr
erable to placeN1Q12 electrons on one cluster andN
1Q on the other than to putN1Q11 electrons on each o
the clusters.

We illustrate the origin of these effects, the relation b
tweenDs andEp , and the importance of intermediate sca
to the occurrence of such ‘‘attraction from repulsion’’ by an
lyzing a variety of models. We defer to the following sectio
any discussion of the relation between spin-gap forma
and pair binding with the occurrence of superconducting
other long-range order in extended systems.

A. Hubbard rings

As a first example consider Hubbard rings withN sites,
whereN is even. The Hamiltonian is

H52t(
is

~cis
† ci 11s1H.c.!1

U

2 (
is

nisni 2s , ~3!

with the implied periodic boundary condition. The fermio
operatorcis

† creates an electron with spins on site i, and
nis5cis

† cis is the density of electrons of spins on sitei.
The energiesE(Q,S) can be calculated exactly from th

Bethe ansatz.17 We have extended existing results for t
pair-binding energyEp by numerically evaluating the Bethe
ansatz equations for a wide range of system sizes as larg
1024 sites and by calculating the spin gapsDs . The exact
particle-hole symmetry of the Hubbard model on a bipar
lattice implies that electron doping,Q.0, and hole doping,
Q,0, are equivalent. As can be seen in Fig. 1 pair bind
occurs for electrons added to the neutral molecule,Ep(0)
.0, wheneverN54n, but does not occur whenN54n12,
wheren is a positive integer. The difference between the
two cases can be readily understood from low-order per
bation theory inU/t as discussed in the Appendix.

The role of intermediate scales can be seen directly fr
Fig. 1; the pair-binding energy vanishes for largeN and is
maximum at an intermediate value ofN. Moreover, in Fig. 2
we showEp for fixed N as a function ofU, from which it is
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clear that it is maximal for intermediate interaction streng
as well. Indeed, we have proved a rigorous theorem,18 that
for the standard Hubbard model on any finite lattice and w
positive hopping matrix elements,Ep<0 for U→`. ~Trivi-
ally, Ep<0 for U50.!

The crucial question is, what is the mechanism of p
binding? We can gain some insight into this question in
large-N limit from bosonization.19 We show that pair binding
is closely related to the phenomenon of spin-gap formati
It is well known that at long wavelength, spin-charge sep
ration occurs in one-dimensional~1D! Hubbard rings. There-
fore, all energies can be written as a sum of a spin contri
tion and a charge contribution. The result is that, forN
54n@1,

Ds5
vs

N
@B1ln1/2~N!1B2#1•••, ~4!

FIG. 1. Pair-binding energyEp of N54n and N54n12 site
Hubbard rings witht51 andU54.

FIG. 2. Pair-binding energyEp ~solid symbols! and spin gapDs

~open symbols! of a 12-site Hubbard ring as a function ofU in units
of t51.
1-2
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ELECTRONIC MECHANISM OF SUPERCONDUCTIVITY . . . PHYSICAL REVIEW B64 064511
Ep5Ds1B3

vs

N
2

B4

N2 F vc
2

Dc
G1•••. ~5!

Here, vs and vc are the spin and charge velocities, resp
tively ~in units in which the lattice constant is unity! andDc
is the charge gap in theN→` limit. The constantsBj are
numbers of order unity, which we have not evaluated. T
large-N behavior of these quantities computed from the B
the ansatz are shown in Fig. 3 and appears, from the s
larities of slopes, to be in good agreement with these exp
sions.

Because of the relevance of umklapp scattering,
charge degrees of freedom are described by a sine-Go
field theory. Dilute doping results in a dilute gas of spin
charge6e solitons ~holons or eons8! with a gapped spec
trum. These solitons can, in turn, be mapped onto mas
Dirac fermions. Consequently, the finite-size level spaci
are those of a nonrelativistic particle in a box, which giv
rise to the third term in Eq.~5!. However, in making a spin
excitation in the neutral molecule, no charge is added, so
spin gap is independent of the charge dynamics.

It has been previously observed20,21 that, because the spi
system is quantum critical, the spin correlation functions
conformally invariant, so that the spin gap must scale w
vs /N. The slow renormalization group flow associated w
a marginally irrelevant operator at the fixed point invalida
this finite-size scaling behavior, however. A consequence22 of
this for the infinite system is that the spin-spin correlati
function falls with distancer as (ln1/2r )/r . We conjecture that
a similar logarithmic correction occurs in the finite-size sc
ing behavior, hence the logarithmic term in Eq.~4!. As can
be seen from the large-N behavior of the Bethe ansatz sol
tion in Fig. 3, just such a logarithmic term appears in t
data. In terms of the elementary spinon excitations of

FIG. 3. The largeN54n scaling of the pair-binding energyEp

~triangles! and spin gapDs ~circles! of Hubbard rings in units oft
51. All energies are scaled by an explicit factor ofN to remove the
dominant 1/N dependence, revealing the logarithmic depende
predicted in Eq.~4!. Solid symbols are forU510 and open symbols
are forU520.
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spin-1/2 Heisenberg model,Ds is interpreted as the energy o
a two-spinon state, whileDs1B3vs /N is twice the single-
spinon energy;2B3vs /N thus has the interpretation of a
effective spinon-spinon interaction.

An important lesson of this analysis is that, for largeN,
Ep'Ds . This relation, originally proposed by us in the co
text of pair binding on a C60 molecule,8 is in this case a
consequence of the quantum critical character of the
Hubbard model. Moreover, since both the separation
charge and spin, and the quantum critical nature of the s
correlations, are robust features of the one-dimensional e
tron gas, they are not limited to the integrable Hubba
model, but would be expected to survive the inclusion
second- and further-neighbor Coulomb repulsions as we

B. t-J ladders

Hubbard ort-J chains have no spin gap in the limitN
→` and, in addition, have small superconducting susce
bilities irrespective of the doping level. In contrast, ladd
systems, that is, quasi-one-dimensional systems of fi
width, can exhibit both a spin gap and strong tendenc
toward superconducting order, even in this limit. While the
systems are infinite in extent, the mesoscopic physics co
in through the finiteness of the transverse dimension.
cause so much is known theoretically about one-dimensio
quantum systems, such ladders are also an excellent lab
tory for exploring the general physical principals set forth
the Introduction.

The Hamiltonian of a spin-1/2 Heisenberg ladder,
shown in Fig. 4, is

HJ5J(̂
i j &

@Si•Sj2~1/4!ninj #, ~6!

where Si is a spin-1/2 operator,J is the antiferromagnetic
exchange interaction, and̂i j & signifies nearest-neighbo
sites, of spacinga, on the ladder. For a Heisenberg ladd
the site occupation numbersni are constants of motion an
are unity. So the second term in the Hamiltonian is simply
irrelevant constant; this term will become important for t
t-J ladder to be discussed later. For an even-leg ladde
width W/a52L52, the spin gap is known numerically23 to
be Ds'J/2, but this gap vanishes exponentially,24 as Ds
;3.35J exp@20.682(W/a)#, for wider ladders,L52,3, . . . ,

e

FIG. 4. The spin gap inS51/2 Heisenberg ladders of width 2L.
1-3
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SUDIP CHAKRAVARTY AND STEVEN A. KIVELSON PHYSICAL REVIEW B64 064511
as shown in Fig. 4. In contrast, for odd-leg ladders,W/a
52L11, HJ has gapless spinon excitations, but here, t
there is an important energy scale, with the same functio
dependence onL as Ds , below which the physics is domi
nated by spinons, as for a spin-1/2 Heisenberg chain. Si
once again, the spin-gap formation is related to supercon
tivity, as we shall show below, this implies that only rath
narrow ladders~two or three legs! are good candidates fo
the mesocopic building blocks of a high-temperature sup
conductor.

For a doped system, we cannot only ask about the de
denceDs(x) of the spin gap and of the pair-binding ener
Ep(x) on the concentration of added chargex, but we can
also ask about the superconducting susceptibility. To be c
crete, we consider results for thet-J model,

HtJ52t (
^ i , j &,s

@ci ,s
† cj ,s

† 1H.c.#1HJ , ~7!

which is defined on the space of no doubly occupied si
and can be viewed as the large-U limit of the Hubbard model
as long asJ54t2/U!t.

Numerical studies25 on the two-leg t-J ladder with J
50.35t show that the spin gap is roughly the same mag
tude as in the undoped two-leg ladder for a range ofx be-
tween 0 and 0.15 and so is the pair-binding energy. T
three-leg ladder26 is more interesting — the spin gap is 0 fo
x<0.05, then rises to a value comparable to the spin ga
the two-leg Heisenberg ladder forx;0.15, and then become
small or possibly zero asx gets to be 0.2 or larger. Thi
behavior can be readily understood~and was to a large exten
anticipated! from both perturbative renormalization grou
analyses27,28 and from strong coupling bosonization11,28

methods.
Because continuous symmetries cannot be broken in

dimension, the ladders can never be truly superconduc
However, their tendency to superconduct can clearly be s
in the superconducting susceptibilityxsc(T); for instance, in
a quasi-one-dimensional array of ladders, one can estim
the superconductingTc from the mean-field equation
zJxsc(Tc)51, wherez is the number of nearest-neighb
ladders, andJ is the interladder Josephson coupling. Fo
one-dimensional system with a spin gap, the supercond
ing susceptibility11,15 is

xsc;DsT
1/Kc22, ~8!

whereKc is the charge Luttinger exponent. This express
reveals a direct relation between spin gap and enhanced
perconducting fluctuations. A related result, which can
more easily compared to the results of numerical exp
ments, is the pair-field–pair-field correlator,D(r ), given by

D~r !;Dsur u21/Kc. ~9!

For the purpose of understanding the competition betw
order parameters, discussed below, it is worth noting that
susceptibility to 2kF charge-density wave~CDW! is

xCDW;DsT
Kc22. ~10!
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A spin gap enhances both the CDW and superconduc
susceptibilities. Indeed, it is tempting, and sometimes use
to think of the spin gap as a superconducting gap, wh
exists in the absence of superconducting long-range o
due to violent phase fluctuations characteristic of a o
dimensional system. But Eq.~10! makes it clear that the spin
gap can be equally well thought of as a CDW gap, wh
true CDW order has been suppressed due to the diver
fluctuations of the acoustic phonons in the CDW state.

The charge Luttinger exponentKc is a nonuniversal func-
tion of doping,x, and depends on the nature of the intera
tions. As long asKc.1/2, thexsc is divergent, but not as
strongly divergent as thexCDW , unlessKc.1. For a Hub-
bard chain, it is well known thatKc,1, but this is not a strict
physical bound. For instance, by comparing the expressio
Eq. ~9! with numerical experiments on the two-leg Hubba
ladder,29 one can see thatKc.1/2 for a very wide range of
parameters, and that for some ranges of parameters,Kc.1.
For instance, forx50.0625,Kc.1 for 5<U/t<15, that is,
for intermediate values ofU.

C. Hubbard molecules

In the past we have examined a number of small Hubb
molecules30 by exact diagonalization and found pair bindin
to operate in all cases. These were the 434 torus, the 8-site
cube, and the 12-site truncated tetrahedron. In all cases
degeneracy of the state in which doping takes place is
portant, and in all cases studied, second-order perturba
theory captures qualitatively all the aspects of the pheno
enon for what appears to be large values ofU. This is not so
surprising in a finite system with finite energy denominato
hence, perturbation theory is an effective tool8,31 in studying
large molecules such as C60, where exact diagonalization
methods are prohibitive.

We have also demonstrated that nearest-neighbor re
sive interactions for the truncated tetrahedron is harmful
pair binding. In contrast, pair binding int-J ladders remains
robust32 for nearest-neighbor repulsionV as large as 4J.
Similarly, the realistic frequency-dependent screened po
tial for doped C60 leaves the results essentially unchang
from the pure Hubbard model.33 This we could only demon-
strate in second-order perturbation theory.

The conclusion to draw is that in spite of the complexiti
at the mesoscopic scale, which surely exist, it is well est
lished that certain mesoscopic clusters have positive p
binding energiesEp.0. Moreover,Ep can be of order the
spin gap, which is an intrinsically large electronic ener
scale. There still remains the question as to whether
mesocsopic pairing tendency leads to global supercondu
ity.

D. Two-dimensional t-J model

Superconductivity in the two-dimensionalt-J or Hubbard
models on a square lattice remains controversial—no e
analytic results exist and numerical studies are confined
rather small systems or high temperatures. However, a
things are clear. The undoped system is an ordered antife
magnet, and thereforeDs50. Moreover, while the pair-
1-4
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ELECTRONIC MECHANISM OF SUPERCONDUCTIVITY . . . PHYSICAL REVIEW B64 064511
binding energy for two doped holes is positive on finite-s
molecules, in the physically relevant limit of smallt/J
,0.4, Ep decreases with system size, and appears34 to ap-
proach 0 in the thermodynamic limit.

It is plausible, even likely, that on a sufficiently frustrate
lattice, the spin-1/2 Heisenberg antiferromagnet~the ‘‘un-
doped system’’! can have a quantum-disordered ground st
with a spin gap.35 Such a system, when doped, might al
become a high-temperature superconductor. Howe
whereas pairing on the mesoscale appears to be a very ro
phenomenon, finding magnetic systems with sufficient fr
tration to produce a significant spin gap is not simple
dimension greater than 1. So while doping such a homo
neously frustrated antiferromagnet may provide a mec
nism for high-temperature superconductivity, we find pairi
on mesoscale structures to be a more common~and hence
more natural! mechanism.

III. EFFECTIVE INTERACTIONS, COMPETING ORDERS,
AND SUPERCONDUCTIVITY

Since a finite cluster cannot be a superconductor and e
an extended ladder cannot exhibit a finite-temperature su
conducting state, the understanding of this mesoscale phy
simply serves to define a new, simpler effective Hamiltoni
which governs the physics on longer length scales.

A. Long-range order in molecular crystals

When the extended system can be thought of as a mol
lar crystal composed of finite clusters, the effective Ham
tonian is obtained by integrating out all the molecular orb
als other than those at the Fermi level. Where there
several degenerate orbitals at the Fermi energy, the resu
effective Hamiltonian will have more than one molecu
orbital per site. To be concrete, we will use as an example
case of a C60-like crystal doped withx added electrons pe
molecule, with 0,x,6, and vary the intramolecular and th
intermolecular couplings to examine its properties.

The effective Hamiltonian is thus of the form

H5(
j

V~Sj
2 ,L j

2 ,DNj !1(̂
i j &

Hi j , ~11!

where the effective interactionV on the j th molecule de-
pends on the total number of added electrons,DNj ; the
square of the total spin,Sj

2 ; and the square of the total orbita
angular momentum,L j

2 ~or, more precisely, the equivalen
Casimir operators of the ichosohedral group!, andHi j is the
intermolecular interaction. In the simplest case,Hi j can be
taken to consist of a sum of intermolecular hopping ope
tors, which transfer a single electron between moleculei
and j, but it can also contain additional terms, such as
sisted hopping and Coulomb interactions.

WhereEp is positive on the cluster,V can be thought of as
an effective attraction between pairs of electrons on a gi
molecule. The ratio ofEp to the intermolecular bandwidthW
is an important parameter in the problem.
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1. Strong-coupling limit

If the typical magnitude ofV is large compared toW, we
can further thin the low-energy Hilbert space by integrati
out all states other than the molecular ground states in e
charge sector. In most cases, this limit is unphysical,
because it is easily analyzed, it is worth considering
pedagogic purposes. In particular, ifEp.0, we can eliminate
all states with an odd number of electrons per site, while
Ep,0, we can eliminate all states with an even number
electrons. The resulting effective Hamiltonian has no rema
ing fermionic degrees of freedom; the states are speci
entirely by the number of electrons, and possibly the s
and the orbital moment of each molecule. Under appropr
circumstances, we are led to spin or orbital effective Heis
berg models and even to a bosonic version of thet-J model.

Depending on details of the interactions, such effect
Hamiltonians can easily lead to a rich variety of order
phases, including ferromagnets or antiferromagnets, orb
ferromagnets or antiferromagnets, spin or orbital36 nematics,
modulated ~incommensurate or high-order commensura!
versions of any of these states coexisting with charge-den
wave order, etc. This is, of course, both exciting and disco
aging. It suggests that in the presence of strong interact
in systems with mesoscale structure, there should appea
enormous variety of ordered phases, some of them be
new states of matter that have never before been do
mented. While it invites us to exercise our imagination, t
prospects of predicting the ultimate form of order from m
croscopic considerations in any such system becomes a
ficult task, if not impossible.

To take the simplest case, let us imagine that the effec
interactions favor an even number of electrons per molec
(EP.0) and disfavor molecular states with nonzero spin
orbital moment. In this case, the low-energy physics of
molecular crystal reduces to that of interacting bosons~elec-
tron pairs! on the molecular lattice:

He f f5(
j

@mbbj
†bj1V~bj

†bj !#2(̂
i j &

tpair@bj
†bi1bi

†bj1•••#.

~12!

Here,bj
† is a charge-2e bosonic creation operator,mb is 1/2

the electron chemical potential,V is the repulsion between
pairs on the same molecule and includes a hard-core inte
tion that forbids more than three bosons on the same m
ecule,tpair is the pair-hopping term which is second order
the electron-hopping matrix element, and the ellipsis sig
fies additional interactions between bosons on neighbo
molecules. Of course, even here, the ground-state phas
the system will depend on the precise balance between t
residual interactions, as well as on the mean boson dens

Typically, if the electronic charge per molecule isx52 or
4, the ground state will be insulating, with essentially a fix
number of electron pairs on each molecule. This state ha
broken symmetry, but is a Mott insulator, in the sense tha
the noninteracting limit the system would be metallic. F
other mean-charge densities, this system will either form
pair-density wave~presumably insulating! or a superfluid. In
the latter case, the pairing scale is intramolecular, and he
1-5
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SUDIP CHAKRAVARTY AND STEVEN A. KIVELSON PHYSICAL REVIEW B64 064511
large, while the superfluid density, and hence the glo
phase ordering temperatureTc , will be smaller, determined
by the intermolecular bandwidth. Moreover, in this ca
pairing should produce a pseudogap which survives at t
peratures well aboveTc . In this limit, because the effectiv
boson kinetic energy is proportional to the square of the
termolecular hopping matrix elements, one would expectTc
to be a decreasing function of lattice parameter or an incr
ing function of pressure.

2. Weak-coupling limit

If the typical scale of interactions,V, is small compared to
W and if the molecular crystal is three dimensional, it
reasonable to treat the effective Hamiltonian in a mean-fi
approximation, that is, by variational ground states, in
spirit of the BCS state, by solving the noninteracting pro
lem in the presence of a symmetry-breaking mean field.
cause of the narrowness of the bands in typical molec
solids, it is equally unclear whether this limit is actually r
alized in real materials. But it is at least another limit
which controlled theoretical results can be obtained. It
probably closer to reality than the strong-coupling limit,
least in relatively metallic materials, such as alkali-dop
C60.

In this limit, the various charge, spin, and orbital mome
density-wave states are unlikely, unless there are partic
nesting wave vectors of the relevant Fermi surface. Th
except at certain commensurate values ofx, they can be
safely ignored.

For positiveEp , a BCS instability to a superconductin
state is still generic with a superconducting transition te
perature

Tc;WQ~Veff!exp@21/r~EF!Veff~x!#, ~13!

whereQ is the Heaviside function and

r~EF!}1/W ~14!

is the density of states at the Fermi energy of the nonin
acting band structure. The quantity

Veff~x!5(
Q,S

Px~Q,S!Ep~Q,S! ~15!

is the average of the pair-binding energy for the vario
charge states of the molecule averaged over the approp
probability distribution @(Q,SPx(Q,S)51# of charge and
spin states of the molecule. Here,Tc would be expected to be
a strongly increasing function of lattice parameter~decreas-
ing function of pressure! since it varies with the inverse ex
ponential of 1/W.

While it might seem at first that this BCS expression
Tc is generic to any mechanism of superconductivity with
intramolecular pairing force~for instance, one generated b
coupling to the intramolecular optical phonons!, the strongx
dependence ofVeff implied by the electronic mechanism di
cussed here is very pronounced and unique. For insta
from the perturbative results for the Hubbard model on a60
cluster described above,8 one might expect that for interme
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diate U, Veff is positive ~attractive! for x53 and negative
~repulsive! for x52 or x54. Crudely, this leads to a doping
dependent effective attraction of the general form

Veff5V0~x2x0!~x12x!, ~16!

with 2,x0,3,x1,4. This leads to a largeTc only in a
constrained region aboutx53 and toTc50 for x,x0 or x
.x1. This is illustrated in Fig. 5, where, to make a cru
comparison with experiments, we have takenW50.1 eV,
r(EF)V051/3, x052, andx154.

B. Long-range order in arrays of ladders

Long-range order in an array of ladders is related to
general problem of order in quasi-one-dimensional electro
systems and has been studied for many years;37 this is theo-
retically one of the best understood cases of competing
ders. In particular, the occurrence of a spin gap enhances
tendency for both CDW and superconducting order in a w
that does not distinguish between them.

Even in this case, the competition plays out in a man
that was not previously recognized. It is not sufficient
simply identify the most divergent susceptibility of the is
lated ladder in order to determine which type of long-ran
order will win out. There are, in addition, a variety of ma
ginal interladder forward-scattering interactions which c
affect the balance or whether or not there is an orde
ground state at all.38 A cautious, but an optimistic conclusio
from the mesoscale calculations is that the spin gap, wh
can be large on narrow ladders, permits thepossibility of
high-temperature superconductivity, but it can also lead t
variety of alternative insulating or metallic phases.

IV. FINAL REMARKS

Superconductivity in simple metals is well understood
terms of the BCS mechanism — the normal state is w
approximated as a Fermi liquid, and the effective attract
between electrons is mediated by phonons. The effect

FIG. 5. Tc as a function of electron concentrationx, for the
simple, weak-coupling model of correlation-induced pairing in C60

described in Eqs.~13! and ~16!.
1-6
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electron-electron interactions appear in this description in
form of a few Fermi-liquid parameters~which are typically
small! and in the Coulomb pseudopotentialm* . The Fermi-
liquid character of simple metals is exceedingly robust—
the absence of special nesting conditions of the Fermi
face or very strong interactions, theonly instability of the
metallic state is the BCS instability. A conventional sup
conductor, when driven normal by suitable alloying, by we
disorder ~magnetic impurities!, increasing temperature, o
magnetic field, remains a highly conducting metal.

In both the cuprates and organic superconductors, inc
ing doped C60, there is strong reason to doubt the accura
of the Fermi-liquid description of the normal state. Screen
is generally poor, and the typical magnitude of Coulomb
ergies is large compared to the valence-electron bandw
And, indeed, the materials are not robustly metallic
resistances greater than the quantum of resistance~often ac-
companied by ‘‘insulating’’ negative values ofdr/dT) are
frequently found in these materials when the supercond
ing state is destroyed. Even when the resistance has a m
lic temperature dependence~positive dr/dT), as it does in
doped C60 in the ‘‘normal’’ state, the resistance is too large
correspond to any sort of freely propagating quasiparticle
electron-doped C60, the room-temperature resistance39,13 is
2–5 mV cm, which were it interpreted in terms of a Drud
conductivity would correspond to a mean free path of 1–2
in hole-doped C60, the room-temperature resistance13 is al-
most 20 mV cm, which at face value would correspond to
mean free path of order 0.1 Å. Finally, in addition to sup
conducting order, evidence of a variety of competing ord
abounds.

Given the striking evidence of strong correlation effects
these materials, we suppose that they are fundamental t
mechanism of their unprecedentedly highTc’s. However, we
suggest that such a mechanism is robust only if the pai
originates on mesoscale structures. Therefore, it is not a
dental that the materials in question are either molec
crystals, with reasonably large molecular building blocks,
materials which exhibit self-organized mesoscale structu

A. Electron-phonon coupling

Electron-phonon interactions are reasonably strong in
the high-temperature superconductors. In particular, the p
non frequencies in C60 are much higher than in convention
metals. In spite of this, we very much doubt that superc
ductivity is driven principally by electron-phonon intera
tions. ThatTc exhibits isotope effect cannot be an argume
as it can be explained by the electronic mechanism as we40

In the first place, the pairing induced by strong repuls
interactions on all the clusters that have been studied to
haved-wave character, for reasons that are by now well
derstood. Phonons typically produces-wave attraction and
are often pair breaking in other channels. Indeed, when w41

analyzed the effects of electron-phonon couplings on an
sumed electronic mechanism of pairing on a C60 molecule,
we found that most, but not all, of the high-energy phono
are pair breaking. Note that locald-wave character may o
may not imply that the global order hasd-wave symmetry —
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for instance, we have found7,8 that the superconducting orde
in electron-doped C60 is globally s wave.

In the second place, the strong electron-phonon inte
tion, presumably responsible for highTc , is always accom-
panied by self-trapping or bipolaron formation. The result
a large exponential Frank-Condon reduction of the ene
scale for coherent motion of charge, inevitably leading to
insulating state.

In the weak-coupling limit, the usual BCS result appli
with an exponentially small pairing scale, and the retard
nature of the electron-phonon coupling plays an essen
role — the Coulomb interaction between electrons is redu
due to the fact that they do not have to be at the same p
at the same time. However, in the cuprates and even m
clearly in doped C60, the phonon frequencies are comparab
to the electron bandwidth, so retardation does not lead42 to
any reduction ofm* .

B. Superconductivity in the polyacenes

Superconductivity has been recently discovered in a s
face layer of electrostatically doped crystals of anthrace
tetracene, and pentacene.14 These molecules can be viewe
as segments of a two-leg ladder with every other rung we
ened. Thus, we believe that the basic mechanism of su
conducting pairing is the same as the one discussed p
ously for the two-leg t-J and Hubbard ladders. As
consequence, we are led to expect that the supercondu
order will have ad-wave-like symmetry, the order paramet
changing sign under 90° rotation. However, because of
quasi-one-dimensional geometry, it is possible that there
no gapless ‘‘nodal’’ quasiparticles in this system, desp
this.43

We note that a number of features of the experiment
consistent with this suggestion. In the first place,Tc is maxi-
mal when there is approximately an odd number of electr
per molecule. Moreover, the fact that the optimalTc de-
creases with increasing size of the molecule is consis
with a mesoscopic origin of the pairing.

C. C60

Narrow bands in C60 make superconductivity at high tem
peratures~presently 52 K! difficult unless the molecule itsel
is in some sense superconducting. The same difficulty ho
for all narrow-band materials44 for the following reasons.

First, the net interaction atv50 must be repulsive; oth
erwise, we will get a CDW—that is, the interaction is

Veff~q,v!5
4pe2

q2e~q,v!
, e~q,v50!.0. ~17!

Typically, a peaked density of states implies that only
single band is relevant, corresponding precisely to the b
in which the peak in the density of states is situated. Thus
only one band is relevant, no local field effects are possi
and the ions will see the samee as the electrons.

The second reason is that the retardation of the elect
phonon interaction in BCS superconductors~which is so cru-
cial for the existence of a net electron-electron attract
1-7
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through the reduction of the Coulomb pseudopotential! is no
longer operative. This is because the Coulomb pseudopo
tial m* is given by

m* 5
m

11m ln~W/v0!
, ~18!

where m is the Coulomb matrix element at the bare hig
energy scale,W is the bandwidth, andv0 is the typical pho-
non scale. But ifW is not much larger thanv0, which is
manifestly the case in C60, we get little reduction inm* .

In contrast, in a molecular crystal, the existence of a str
ture at an intermediate scale implies atomic energy sc
much larger than intramolecular-energy scales, which in t
are larger than the intermolecular scales of the solid. T
clear separation of scales allows us to solve first the prob
of a single C60 molecule alone and then incorporate the co
pling between the molecules. This approach leads to the
now well-substantiated phenomenon of attraction from
pulsion that has been the cornerstone of our approach. E
issues concerning the proper screening of the longer-ra
pieces of the Coulomb interaction can be reliably analyze33

taking advantage of this hierarchy of energy scales.
We conclude with a few observations regarding t

present experiments12,13 on C60 field effect transistors
~FET’s!. It is clear that a high density of states cannot be
principal feature responsible for the high-temperature su
conductivity in hole-doped C60 asTc is clearly not peaked a
the same charge per molecule as the density of states. M
over, theTc profile as a function of doping does not presen
have any natural explanation in the electron-phonon the
of a BCS superconductor; there appears to be no reaso
the electron-phonon coupling to show such a strong dep
dence on the band filling. In the electron-doped case,12 the
onset of superconductivity is very sharp. This is consist
with our theory in whichTc is highest at a doping corre
sponding to an odd number of added electrons or ho
where the pair binding on a single molecule is largest,
then vanishes for doping corresponding to an even numbe
added electrons or holes.8 A crude model is shown in Fig. 5
Of course, sample inhomogeneity and disorder can broa
the doping profile, which one should be able to better add
in the near future as the sample quality improves furth
Moreover, relativelylow-temperature tailsin Tc vs x could
result from residual electron-phonon interactions.

If the explanation of superconductivity lies in the ele
tronic correlation effects on the mesoscopic scale, there i
reason whyTc could not be raised further (.52 K! in the
near future. Such high values ofTc will constitute a strong
argument against the electron-phonon mechanism of su
conductivity in these materials.
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APPENDIX: PERTURBATION THEORY FOR A
HUBBARD CHAIN

First-order perturbation theory leads to the conclusi
which turns out to be exact45 for all U/t, that forN54n, the
ground state is a spin singlet forQ50 andQ562 and a
doublet forQ561, while for N54n12 the ground state is
a singlet forQ50, a doublet forQ561, and a triplet for
Q562. As a consequence,

Ep~0!5
A2~N!

N

U2

t
1O~U4/t3!, ~A1!

whereA2, a number of order unity, is positive forN54n and
negative forN54n12, reflecting the difference in spin o
the doubly charged state.

For N54n12 andU50, the ground state withQ50 is a
unique spin singlet with a gap; forQ561, the ground state
is still unique up to symmetry — it has spin 1/2 and nonze
crystal momentum; however, forQ562, there are three sin
glet and one spin-triplet states that are degenerate. In
order inU/t, the degeneracy of the doubly charged system
lifted and, as required by Hund’s rule, the spin-1 state
selected as the ground state. In the Hubbard model, the
no direct interaction between electrons of like spin, so a c
sequence of the triplet character of the doubly charged s
is that there is no first-order contribution to the pair-bindi
energy. However, mainly because of the unfavorable fe
magnetic correlations in the doubly charged state, it turns
that A2(4n12) is negative — there is pair repulsion.

For N54n, there are two degenerate orbitals at the Fe
level of the noninteracting neutral molecule resulting in a
cidental degeneracies. To first order inU/t, the energies of
two of the singlet states of the neutral molecule are eleva
but one singlet state remains degenerate with the triplet s
This miracle is due to an umklapp process which allow
singlet pair of electrons, each with crystal momentump/2, to
scatter into the state in which each electron has crystal
mentum2p/2. The final degeneracy forQ50 is then lifted
in second-order perturbation theory, in which the antifer
magnetic correlations of the singlet state are preferred o
the ferromagnetic~triplet! state. This violation of Hund’s rule
is peculiar to the case ofN54n and Q50. By the same
token, the antiferromagnetic correlations of the neutral m
ecule lead to anomalous stability of the neutral state a
hence, a negativeA2(4n) — there is pair binding. It is worth
noting that, although for largeU/t the perturbative results
are, of course, quantitatively poor, as there are45 no ground-
state level crossings as a function ofU/t, perturbation theory
gives correct results for the ground-state quantum numb
of all these states.
1-8



et

ce

s

n,

. B

on,

od.

ys.

ri,

. B

ev.

. J.

also,

ELECTRONIC MECHANISM OF SUPERCONDUCTIVITY . . . PHYSICAL REVIEW B64 064511
1J. G. Bednorz and K. A. Mu¨ller, Z. Phys. B64, 189 ~1986!.
2P. W. Anderson, Science235, 1196~1987!.
3S. A. Kivelson, D. S. Rokhsar, and J. P. Sethna, Phys. Rev. B35,

8865 ~1987!.
4R. B. Laughlin, Phys. Rev. Lett.60, 2677~1988!.
5S. Chakravarty, B. I. Halperin, and D. Nelson, Phys. Rev. L

60, 1057~1988!; Phys. Rev. B39, 2344~1989!.
6A. F. Hebardet al., Nature~London! 350, 360 ~1991!.
7S. Chakravarty and S. Kivelson, Europhys. Lett.16, 751 ~1991!.
8S. Chakravarty, M. Gelfand, and S. Kivelson, Science254, 970

~1991!.
9G. Baskaran and E. Tosatti, Curr. Sci.61, 33 ~1991!.

10V. J. Emery and S. A. Kivelson, Physica C209, 597~1993!; S. A.
Kivelson and V. J. Emery, inStrongly Correlated Electronic Ma-
terials: The Los Alamos Symposium 1993, edited by K. S. Bedell
et al. ~Addison Wesley, Reading, MA, 1994!, p. 619.

11V. J. Emery, S. A. Kivelson, and O. Zachar, Phys. Rev. B56, 6120
~1997!.

12J. H. Scho¨n, Ch. Kloc, R. C. Haddon, and B. Batlogg, Scien
288, 656 ~2000!.

13J. H. Scho¨n, Ch. Kloc, and B. Batlogg, Nature~London! 408, 549
~2000!.

14J. H. Scho¨n, Ch. Kloc, and B. Batlogg, Nature~London! 406, 702
~2000!.

15S. Kivelson, E. Fradkin, and V. Emery, Nature~London! 393, 550
~1998!.

16S. Chakravarty, R. B. Laughlin, D. K. Morr, and C. Nayak, Phy
Rev. B63, 094503~2001!.

17R. M. Fye, M. J. Martins, and R. T. Scalettar, Phys. Rev. B42,
6809 ~1990!.

18S. Chakravarty, L. Chayes, and S. Kivelson, Lett. Math. Phys.23,
265 ~1991!.

19See V. J. Emery, inHighly Conducting 1D Solids, edited by J. T.
Devreeseet al. ~Plenum, New York, 1979!.

20F. Woynarovic, J. Phys. A22, 4243~1989!.
21H. Frahm and V. E. Korepin, Phys. Rev. B42, 10 553~1990!.
22I. Affleck, J. Phys. A31, 4573~1998!.
23S. R. Whiteet al., Phys. Rev. Lett.73, 886 ~1994!.
24S. Chakravarty, Phys. Rev. Lett.77, 4446~1996!.
06451
t.

.

25E. Jeckelmannet al., Phys. Rev. B58, 9492~1998!.
26S. R. White and D. J. Scalapino, Phys. Rev. B57, 3031~1998!.
27H.-H. Lin, L. Balents, and M. P. A. Fisher, Phys. Rev. B56, 6569

~1997!; L. Balents and M. P. A. Fisher,ibid. 53, 12 133~1996!.
28V. J. Emery, S. A. Kivelson, and O. Zachar, Phys. Rev. B59,

15 641~1999!.
29R. M. Noacket al., Phys. Rev. B56, 7162~1997!.
30S. R. White, S. Chakravarty, M. P. Gelfand, and S. Kivelso

Phys. Rev. B45, 5062~1992!.
31A. Auerbach and G. Murthy, Europhys. Lett.19, 103 ~1992!; G.

Murthy and A. Auerbach, Phys. Rev. B46, 331~1992!; T. Toku-
yasu, M. Kamal, and G. Murthy, Phys. Rev. Lett.71, 4202
~1993!; N. Berdenis and G. Murthy, Phys. Rev. B52, 3083
~1995!.

32C. Gazza, G. B. Martins, J. Riera, and E. Dagotto, Phys. Rev
59, R709~1998!.

33P. E. Lammert, D. S. Rokhsar, S. Chakravarty, and S. Kivels
Phys. Rev. Lett.74, 996 ~1995!.

34M. Boninsegni and E. Manousakis, Phys. Rev. B47, 11 897
~1993!.

35R. Moessner and S. L. Sondhi, Phys. Rev. Lett.86, 1881~2001!.
36A. Auerbach, Phys. Rev. Lett.72, 2931~1994!.
37For a review, see C. Bourbonnais, and L. G. Caron, Int. J. M

Phys. B5, 1033~1991!.
38V. J. Emery, E. Fradkin, S. A. Kivelson, and T. Lubensky, Ph

Rev. Lett.85, 2160~2000!.
39A. F. Hebardet al., Phys. Rev. B48, 9945~1993!.
40S. Chakravarty, S. A. Kivelson, M. I. Salkola, and S. Tewa

Science256, 1306~1992!.
41M. Salkola, S. Chakravarty, and S. Kivelson, Int. J. Mod. Phys

7, 2859~1993!.
42S. Chakravarty, S. Khlebnikov, and S. A. Kivelson, Phys. R

Lett. 69, 212 ~1992!.
43M. Granath, V. Oganesyan, S. A. Kivelson, E. Fradkin, and V

Emery, cond-mat/0010350~unpublished!.
44These arguments are essentially due to P. W. Anderson; see

Ref. 42.
45M. Ogata and H. Shiba, Phys. Rev. B41, 2326~1990!.
1-9


