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Finite wave vector Jahn-Teller pairing and superconductivity in the cuprates
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A model interaction is proposed in which pairing is caused by anonlocalJahn-Teller-like instability due to
the coupling between planar O states andk5” 0 phonons. Apart from pairing, the interaction is found to
naturally allow metallic stripe formation. The consequences of the model for superconductivity in the cuprates
are discussed. The model is shown to be consistent with numerous sets of experimental data in quite some
detail.
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I. INTRODUCTION

A Jahn-Teller~JT! polaron pairing effect was originally
proposed as a possible explanation for the superconduct
in La22xBaxCuO4 by Bednorz and Mu¨ller.1 Since then, the
JT effect has been discussed by a number of authors in
ferent contexts2–6 and although many features have been
served experimentally supporting the general concept o
polarons,7,8 so far no generally applicable model has be
shown to be compatible with the overall phenomenology
served in the cuprates. One of the major problems is that
single-ion JT energy splitting between Cudx22y2 states and
d3r 22z2 states is thought to be of the order of 1 eV or mo
too large to play a role in the pseudogap physics, which
believed to be the energy scale of the pairing interacti
which is of the order of 0.1 eV. Nevertheless, the observa
of a large isotope effect on bothTc ~Ref. 9!, T* ~Ref. 8! and
penetration depth10 firmly establishes a role for lattice po
larons in the pairing mechanism, while the fact that a dep
sion in the spin susceptibility usually appears at a lower te
perature than the ‘‘pseudogap’’ observed by cha
excitation spectroscopies11,12 suggests that a lattice pairin
mechanism is primary and the spin ordering follows.

In this paper, we outline a microscopic pairing scenario
La22xSrxCuO4 driven by a finite wave vector JT instability
We find that the proposed model can explain many of
general features both in the underdoped and overdoped
gions of the phase diagram and is fundamentally compat
with the overall phenomenology of the cuprates.

The experimental observations on which the present
nario is based are mainly those showing evidence for
existence of dynamic incommensurate lattice distortions
sociated with doped holes. Inelastic neutron scattering,11,13

neutron pair distribution function~PDF!, 14 extended x-ray-
absorption fine structure~EXAFS!,15,16 and electron-spin-
resonance~ESR!17 experiments all show the existence of d
namic lattice distortions on time scales relevant for pairing
10213–10215 s. The inelastic neutron scattering data13,11can
be singled out fordirectly giving not only the energy, bu
also the wave vector associated with the lattice distortion
its range ink space without any interpretation or modelin
The observed distorted regions appear to be along
(z,0,0) @or (0,z,0)# directions and have typical dimension
in real space of 2a35a(8320 Å), wherea is the lattice
constant. A schematic diagram of the distortion derived fr
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an analysis of the data is shown in Fig. 1. The energy of
anomaly of Ea565–85 meV is of the order of the
‘‘pseudogap’’ energy, while its width ofDE.5 meV cor-
responds closely to the linewidth expected from the m
sured pair recombination rate,h/pct.4 meV.18 At the
doping level ofx50.15, the two-dimensional~2D! volume
of the object in Fig. 1 contains approximately 1.5 carrie
Taken together, the implication is that the objects can
interpreted ask-space ‘‘snapshots’’ of individual pairs.

Additional experimental observations that we consid
important in the present context are evidence for the coex
ence of two carrier types in a large part of the pha
diagram,19,20 and—in addition to the ‘‘pseudogap’’—the ap
pearance of a temperature-dependent superconducting
Dc(T), which closes atTc ~Refs. 21 and 18! that is particu-
larly well observed at higher doping levels and has a mag
tude atT50 of Dc(0)&Dp .

II. JT PAIRS AND STRIPES

Before proceeding with the analysis of thee-p coupling
for the case of generalk, let us briefly discuss theG-point
coupling (k50) in the tetragonal groupD4h

17 (I4/mmm) ap-
plicable to La22xSrxCuO4. The symmetrized cross produc
of the representations at theG point is

@Eu3Eu#5@Eg3Eg#5A1g1B1g1B2g , ~1!

FIG. 1. The distortion in the Cu-O plane corresponding to
anomalous mode observed in inelastic neutron scattering
La22xSrxCuO4 ~Refs. 13 and 11!. The O displacements are those
thet1 mode shown in Fig. 3 and, in general, have different phas
©2001 The American Physical Society05-1
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D. MIHAILOVIC AND V. V. KABANOV PHYSICAL REVIEW B 63 054505
which contains no degenerate representations. On the o
hand, the lattice vibrations at theG point transform as

G52A1g14A2u1B2u12Eg15Eu .

Since there are noB1g and B2g representations at theG
point, electrons can couple only withA1g phonon modes. In
D4h there are two such modes associated with apex oxyg
or La ions. However, the experiments show that the mo
involved in the intraction are those of in-plane O atom
which do not couple at theG point. This leads us to the mai
conjecture of the proposed pairing model, namely, the e
tence ofintersitepairs that form via ak5” 0 interaction.

The existence of intersite pairs in cuprate superconduc
is inferred from their very short coherence length. Given t
the pair dimensionsl p cannot exceed the coherence leng
i.e., l p&j, we may infer that any possible lattice distortio
associated with pairing have a finite range; l p . The effect
of such lattice distortions should also be evident in recipro
space with an anomaly centered around a wave vectok
.1/l p . Following the inelastic neutron-scattering data13 that
shows an anomaly approximately atk0.@6p/2a,0,0# ex-
tending over almost half the Brillouin zone~BZ! Dk
;1/2a, we can write the electron-phonon interaction f
such an object in the form

g~k0 ,k!5g0 /@~k2k0!21g2#, ~2!

where g0 is a constant describing the strength of coupli
and k0 defines the wave vector associated with the inter
tion and its range in k space, which—neglecting
fluctuations—also defines its extent in real space~interhole
spacing! as l p;k0

21. g5Dk defines its width ink space and
gives the width of the distribution of intercarrier distanc
within the interacting pair. This is related to the average s
of the deformation of each particle in real spaceg21.

We now proceed with an analysis of thee-p coupling
using group theory fork5” 0 intersite pairing and first discus
the relevant phonon modes. The BZ corresponding to
tetragonal space groupD4h

17 applicable for La22xSrxCuO4 is
shown in Fig. 2. To consider local pairs and/or stripes for

FIG. 2. The Brillouin zone~BZ! of La22xSrxCuO4 correspond-
ing to the tetragonal phase with point groupD4h .
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ing along the Cu-O bond direction or along 45 ° to it, w
need to consider the general wave vectorS and theD points,
corresponding to the (z,0,0) and (z,z,0) directions, respec
tively. @The special symmetry points (G, X, andM, etc.! give
rise to commensurate distortions that will be discussed lat#
The relevant lattice deformation associated with the neut
mode at 75 meV~Ref. 13! ~Fig. 1! is of t1 symmetry, where
t1 is the irreducible representation of the little group cor
sponding to theS direction in the BZ as shown in Fig. 3
Since in principle all modes oft1 symmetry can couple to
electrons, for completeness we show all the possible mo
with t1 symmetry in Fig. 3. However, the most releva
mode—i.e., the one for which the anomaly is observed to
most pronounced—involves in-plane O1 displaceme
along the Cu-O bonds~see also Fig. 1!.

A. kÄ” 0 phonon coupling to nondegenerate electronic states

Since theS point has a four-pronged star inD4h , the
coupling of electrons in single nondegenerate electro
states tok5” 0 phonons can be written as

Hint5(
l,s

nl,s (
k051

4

(
k

g~k0 ,k!exp~ ikl !~b2k
† 1bk!, ~3!

wherel is the site label, and

g~k0 ,k!5g~pg2!1/2/~~k2k0!21g2!, ~4!

where k0 are the four wave vectors corresponding to t
prongs of the star associated with the interaction. The n
degenerate electronic states in this interaction allowed
symmetry are associated withpz orbitals of planar oxygens
and transform asA2u or B2u representations of theD4h sym-
metry group. However, the Hamiltonian~3! above on its own
does not lead to symmetry breaking, and thus is not of dir
relevance for pair or stripe formation.

B. kÄ” 0 phonon coupling to degenerate electronic states
„Jahn-Teller-like pairing …

A more interesting case arises when twofold degene
levels ~for example, the twoEu states corresponding to th
planar Opx and py orbitals or theEu and Eg states of the
apical O! interact with k5” 0 phonons. We are particularl
interested in the phonons that lead to symmetry breaking

FIG. 3. The ionic displacements in La22xSrxCuO4 correspond-
ing to t1 symmetry of the little group at theS point in the BZ. The
mode observed in neutron scattering corresponds to the O1~1! dis-
placements.
5-2
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FINITE WAVE VECTOR JAHN-TELLER PAIRING AND . . . PHYSICAL REVIEW B63 054505
allow the formation of intersite pairs or stripes. In Eq.~5!, we
give the invariant Hamiltonian that couples degenerate e
tronic states to phonons transforming as thet1 representa-
tions of the group of wave vectorsGk . Taking into account
thatEg andEu representations are real, and Pauli matricess i
corresponding to the doublet ofEg or Eu transform as
A1g (kx

21ky
2) for

s05S 1 0

0 1D ,

B1g (kx
22ky

2) for

s35S 1 0

0 21D ,

B2g (kxky) for

s15S 0 1

1 0D ,

andA2g (sz) for

s25S 0 2 i

i 0 D
representations, respectively, an invariant Hamiltonian
given by

Hint5(
l,s

s0,l (
k051

4

(
k

g0~k0 ,k!exp~ ikl !~b2k
† 1bk!

1(
l,s

s3,l (
k051

4

(
k

g1~k0 ,k!~kx
22ky

2!

3exp~ ikl !~b2k
† 1bk!

1(
l,s

s1,l (
k051

4

(
k

g2~k0 ,k!kxky exp~ ikl !~b2k
† 1bk!

1(
l,s

s2,lSz,l (
k051

4

(
k

g3~k0 ,k!k0
2 exp~ ikl !~b2k

† 1bk!,

~5!

where

gi~k0 ,k!5gi~pg2!1/2/@~k2k0!21g2#. ~6!

The first term in Eq.~5! describes symmetric coupling an
is identical to the nondegenerate case@Eq. ~3!#. The second
and third terms describe thee-p interaction corresponding to
the S andD directions, respectively, while the last term d
scribes thecoupling to spins.22.

The proposed interaction~5! on its own, results in a split-
ting of the degenerate states, breaking the tetragonal sym
try and resulting in a local orthorhomb ic distortion atk0
extending overg in k space. It can, therefore, lead to th
formation of bound intersite pairs and/or stripes with no f
ther interactions. Of course the stability and size of suc
05450
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distortion will be determined by the balance of short-ran
attraction, long-range Coulomb repulsion, and kine
energy.23

Now let us discuss the properties of the system gover
by this Hamiltonian@Eq. ~5!#. The importance of the differ-
ent terms is of course to be determined by experiments.
example, the large 20% anomaly in inelastic neutron scat
ing at theS point clearly emphasizes the second (d-wave!
term, while the absence of strong anomalies atk50 de-
emphasizes the symmetric (s-wave! term and so the new
ground state is expected to be a pair that extends over a
unit cells along the Cu-O bond direction (6z,0,0) or (0,
6z,0).24 The internal lattice structure within the pair is di
torted, so pairing would be associated with a reducedlocal
symmetry within the pair. In other words, the tetragonal
pseudotetragonal symmetry of the crystal is broken loca
by the formation of a nonlocal JT pair with a binding ener
EJT given by the solution to the Hamiltonian~5!. We thus
associate the pairing energy gapEJT with the experimental
observation of a ‘‘pseudogap’’ atkT* ;Dp5EJT .12,18

To understand these finite wave vector JT pairs in
context of the phase diagram of the cuprates, we conside
effect of thermal fluctuations as the temperature is redu
through T* in the underdoped phase~Fig. 4!. For T.T*
thermal energy prevents the carriers from forming pairs at
levels of doping~shown schematically in the top row in Fig
5!. ApproachingT* , JT pairs start to form and exist in equ
librium with unbound carriers according to chemical balan
at thermodynamic equilibriumnunbound;exp@2EJT/kBT# and
shown schematically in the lower panel of Fig. 5~b!. @The
doping dependence ofDp , which is observed to approxi
mately follow an inverse lawDp;1/x ~Refs. 19, 18, and 25!
is suggested to be a result of screening as discussed by
exandrov, Kabanov, and Mott,26 and will not be discussed
further here.#

FIG. 4. A schematic phase diagram suggested on the basis o
proposed model for the cuprates. The dashed line indicates the
peratureT* , wherekT* .EJT . The solid line indicates the tem
peratureTc of the onset of macroscopic phase coherence an
given by Eq.~7!.
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FIG. 5. Real-space schemat
diagram representing approx
mately 100 unit cells ('4j2) in
the Cu-O plane at different doping
levels: ~a! for T.T* , the carriers
are unbound single particles~re-
gion 1 in the phase diagram in
Fig. 4! and ~b! for T,T* in the
underdoped state~region 3 in Fig.
4!, pairs and unbound particles co
exist with few stripes. ForT,T*
near optimum doping and in the
overdoped state,~c! and ~d!, re-
spectively, pairs coexist with un
bound particles and stripes.
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For such nonlocal pairs to be stable, the energy gained
the JT pairing must counteract the Coulomb repulsion
tween two charge carriers within the pairEJT*Vi . Theup-
per limit for the Coulumb repulsion between two carrie
approximately one coherence length apart is given byVi
5e2/4p«r .0.3 eV @taking r 5r0>\/k0>1 nm &js and «
54 ~Ref. 27!#. However, since«(v)@4 in the relevant fre-
quency range for pairing~1–4 THz!,27 the relevant value of
Vi can be significantly smaller and can be easily overco
by EJT .

Once preformed bosonic pairs exist, superconductiv
can occur when phase fluctuations between these pairs
sufficiently reduced so that phase coherence can be e
lished between them. This can occur by Bo
condensation28–30 or some form of the Kosterlitz-Thoules
transition.31,32 In both cases the critical transition temper
ture in the underdoped region of the phase diagram is g
by an expression relatingTc to the pair densitynp and effec-
tive massm* :

Tc.\2np
2/D/~2m* !kB , ~7!

whereD is the dimensionality of the system.33 An important
issue related to whether Bose condensation occurs or an
mechanism is responsible for the formation of the cond
sate formation is the number of pairs per coherence volu
Vj . Using the experimental upper limit of coherence leng
in La1.85S0.15CuO4 at T50 of j.20 Å and assuming for the
moment a uniform carrier density in the Cu-O planes, then
a carrier concentration ofx50.15 there are approximatel
1.5 pairs per coherence volume. Considering the experimen
tal error and uncertainties in geometrical factors involved
determiningj, it is clear that a crossover seems to occur n
optimum doping fromnp,1 per Vj to np.1 per Vj , im-
plying a crossover from a Bose condensation to
overlapping-pair superconductivity scenario.29 Importantly,
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both are consistent with the finite-wave vector nonlocal J
pairing interaction described here.~The detailed mechanism
for the formation of a phase-coherent condensate is not
subject of the present paper and will not be discussed fur
here.!

C. Stripes

So far, the discussion concerned a intersite pairing-JT
fect with two particles involved. If more than two particle
are involved in the interaction, the effect of Eq.~5! is similar
and providedk0.g @Eq. ~1!#, a JT distortion can occur alon
a stripe, for example. The internallattice structure of such
stripes is defined by the JT lattice distortion, just as for pa
The shape of these objects is determined primarily by m
mization of the Coulomb energy, and the formation of 1
stripes is clearly more favorable than 2D clusters in t
respect.23 The incommensurability of the dynamic JT disto
tion given byk0 means that the number of sites in the stri
is larger than the number of carriers, resulting in a partia
filled ground state. The electronic wave function inside su
stripes isextended, that is, it extends throughout the enti
stripe, and the macroscopic transport properties in the nor
state are thus expected to be dominated by hopping or
neling of carriesbetweenthe stripes, rather than within them
The elementary excitations of such objects are expected t
Fermionic and metallic in character, which makes their s
tistics different than for the JT pairs, which are bosons. T
JT stripes are expected tocoexistboth with JT pairsand
unbound particles, with their relative populations determin
by chemical balance and the pair binding energyEJT com-
pared to the stripe formation energy. A schematic real-sp
‘‘snapshot’’ of this phase is shown in Fig. 5~c!. Note that
because we have a four-pronged star for theS-point distor-
tions, four different types of stripes can form, each cor
sponding to one of the fourk0. Since the little group at theS
5-4
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FINITE WAVE VECTOR JAHN-TELLER PAIRING AND . . . PHYSICAL REVIEW B63 054505
point does not have inversion symmetry, the stripes can h
a local polarization~i.e., have a ferroelectric phase!. This
may explain the presence of a spontaneous polarizatio
these materials and the appearance of a pyroelectric effe
La22xSrxCuO4 ~Ref. 34! and other cuprates.35

A most simple and appealing possibility is that superc
ductivity in the presence of stripes still occurs via the sa
preformed pair scenario as discussed in the previous sec
However, the stripes then appear to have a detrimental e
on superconductivity because they take up carriers and
reduce the number of pairs.

III. OVERDOPED REGIME

As the density of doped holes increases with increas
doping, the spacing between them becomes comparab
the pair size and they start to overlap, so interactions
tween the pairs and stripes become important, and some
of collective or cooperative effect that extends over b
types of objects needs to be considered.

The Hamiltonian in Eq.~5! introduces a number of lengt
scales@see Fig. 5~c!#. The first is the mean distance betwe
the charge carriers in the pair~or within the stripe! l p
.1/k0. The second is the length of the stripesl s and finally,
there is the length scalel c , describing the characteristic dis
tancebetweenthe pairs or stripes, which is determined sim
ply by the carrier density.

With increasing doping, the distance between the p
and stripesl c decreases, and increased screening redu
Coulomb repulsion, which in turn leads to increased str
length l s . At some point,l c becomes comparable to the s
perconducting coherence lengthjs , and the pairs becom
proximity coupledto the metallic stripes@Fig. 5~c!#. In other
words, superconductivity in the stripes will be induced bel
Tc by a JT pair-gap proximity effect. AboveTc , there is no
proximity coupling, and so clearly, the superconducting
der parameter must be zero in the stripes. Thus, it is evid
that the superconducting gap has to beT dependent within
the stripes. This presents an explanation for the experim
tally observedcoexistenceof a T-independent pairing gap
~‘‘pseudogap’’! EJT and aT dependent superconducting ga
Ds(T)18,21,36for which Ds(0)&EJT .

The proposed model suggests a simple explanation
Tc decreasesin the overdoped regime. With increased do
ing, the stripe lengthl s increases, leading to increased over
metallicity, while at the same time,the number of pairs de
creases, leading to a decrease inTc according to the formula
given by Eq.~8!. Eventually in the metallic, nonsupercon
ducting phase,l c& l p , and the material becomes a homog
neous metal with no pairs and hence, the phase no lo
supports high-temperature superconductivity.

AboveT* the crossover from the underdoped to the ov
doped phase manifests itself in a change of nondegenera
degenerate statistics, as indicated by region 1 and regio
respectively, in the phase diagram in Fig. 4. In princip
they should be distinguishable from the temperature dep
dence of the susceptibility, for example, which should
Curie-like in region 1 and Pauli-like in region 2, particular
05450
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at low temperatures~see Fig. 4!. In contrast, the crossove
from region 1 to 3 is governed by excitations across
pseudogap with the temperature dependence of the susc
bility given by x(T)}1/Ta exp@2EJT/kT#.26,19,12

IV. DISCUSSION

An important issue that needs to be discussed is the ef
tive mass of the nonlocal JT pairs coupled byk5” 0 wave
vector phonons. Let us consider—for simplicity—only th
most experimentally relevant interaction forS-point cou-
pling, i.e., the (kx

22ky
2) term of the Hamiltonian Eq.~5!. In

this case, we can apply the Lang-Firsov37 transformation,
which will give an appropriate estimate of the partic
mass.38 In that case, the effective mass renormalization
exponential:

m*

m0
5exp~ge f f

2 !, ~8!

wherem0 is the bare electron mass, and

ge f f
2 5

1

~2p!2E d2kgk
2@12cos~ka!#. ~9!

For simplicity, here the integration is carried over the Cu-2
plane, sok refers to in-plane momentum. Assuming that t
main contribution comes fromk.k0, ignoring the effect of
g and integrating, we obtain

ge f f
2 5g2k0

4@12cos~k0a!#/8p. ~10!

This formula can be rewritten in terms of the ground-st
energy of a single polaron as

ge f f
2 5

Ep@12cos~k0a!#

2v
, ~11!

where the polaron binding energyEp5g2k0
4v/4p. When

compared with the similar expression for the effective m
in the Holstein model, which has nok dependence, we find
that the effective-mass exponent is a factor 2 smaller than
corresponding expression in the Holstein~bi!polaron.39 If
k0,p/2a, the effective mass becomes even smaller, refle
ing the fact that for forward scattering, the electron-phon
interaction does not increase the mass strongly. Indeed
k0→0, the effective mass approaches the bare electron m
m* →m0. This effect is similar to that discussed by Alexa
drov for the case of the Froehlich interaction.40 However,
note that in this case, the interaction is weak and there is
pair binding at all fork50, which means that it is not rel
evant if we are considering pairing, butis relevant if we
consider single-electron transport in the normal state. On
other hand, ifk0.p/2a, the mass enhancement becom
more pronounced because of strong backscattering, and
the zone boundary, corresponding to the special pointsX and
M in the BZ, we expect a very large coupling and a stron
enhanced pair mass. This situation would be relevant t
zone doubling~for the M point! or quadrupling~for the X
point! charge-density wave~CDW! formation and/or the for-
5-5
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D. MIHAILOVIC AND V. V. KABANOV PHYSICAL REVIEW B 63 054505
mation of long-range order associated with a structural ph
transition. The caserelevant for pairingis of course interme-
diate, as indicated by the wave vectork0 in the neutron ex-
periments.

As already discussed, according to the neutron data,
interaction in the cuprates appears to take place over a l
range of wave vectorsg centered neark0;1/l p . An inter-
esting case arises at the 1/8 doping level, where the inter
ticle distance l 5A8a. If l corresponds exactly tol
52p/k0, we expect to observe a CDW with a periodici
given byk0. ~Note that this is different to the simpler case
a zone-boundary CDW discussed in the previous pa
graph.!

In the underdoped state, the JT model is different from
bipolaronic models28,41and other intersite models42 primarily
with regard to the detailed mechanism of bipolaron form
tion. Whereas the standard bipolaron model usually refer
quantum-chemical calculations42 and does not necessarily in
volve a particular JT mode nor a specific local symme
change upon pairing, the present intersite JT pairing mo
does so, and implies a very specific Hamiltonian@Eq. ~5!#
that is based on the symmetry analysis of experiment
determined local distortions. Equation~2! at first sight has
some common features with the phenomenology of
CDW scenario.43 The present model offers a microscop
description for the origin of this interaction as arising fro
JT coupling between ak5” 0 mode and degenerate electron
states.

The proposed scenario suggests the coexistence of Fe
onic excitations in stripes and bosons~pairs! over the entire
phase diagram in different proportion determined by therm
dynamic equilibrium. This appears to be born out by t
susceptibility data19 and the two-component interpretation
the optical conductivity,27,44 amongst others.45

It can also be shown to be consistent with the tempera
and doping dependence of angle-resolved photoemis
spectra. A pairing JT deformation at theS point leads to
objects that have finite dimensions along thea or b crystal
axes. We therefore expect to observe features associated
these objects ink space along theS direction~i.e., along the
G-M ) and the appearance of a ‘‘pseudogap’’ in the ang
resolved photoemission spectroscopy~ARPES! spectra. The
range of wave vectors where such a ‘‘pseudogap’’ appea
given byDk;g from Eq. ~1!. In the metallic stripes, on the
other hand, in which Fermionic excitations exist in the n
mal state, aboveTc we expect to observe a band that cros
the Fermi level along theS direction. Importantly, with in-
creased carrier concentration, the increasedcoupling between
pairs and stripesleads to increased 2D order, progressive
extending the Fermi surface in the overdoped state. Clea
the temperature-dependent superconducting gapDs(T) that
forms in the stripes will appear in the same regions ink space
as the Fermionic band. If we assume that the model can
extended to Bi2Sr2CaCu2O81d , the coexistence of a
T-dependent ‘‘superconducting’’ gap and a ‘‘pseudoga
alongG-M @i.e., theS direction~see Fig. 2!#, and especially
the apparent ‘‘destruction of the Fermi surface’’ wi
underdoping21 can be understood to be a consequence of
Hamiltonian Eq.~5!.
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Reconciling the slight differences in the interpretation
the observed lattice distortions in ESR, EXAFS, and inela
neutron scattering, theS-point symmetry analysis of ionic
displacements in La22xSrxCuO4 shows that the distortion o
t7 symmetry at the zone boundary, which was invoked
explain the ESR~Ref. 17! and EXAFS~Ref. 15! ~Fig. 6!, is
in fact the zone-boundary~i.e., short-range! equivalent to the
t1 distortion occuring over a further extended length sc
along theS direction in the BZ, and the experiments may
detecting the same mode described by Eq.~5!.

We end the discussion by noting that the choice ofk0
made on the basis of neutron data also determines the s
metry of the pairing channel in Eq.~5!. The first term is
isotropic (s wave! while the second one hasd-wave symme-
try along the Cu-O bond axes. The relative strengths of
terms are of course to be determined by experiments, bu
large phonon anomaly at theS point in the inelastic neutron
data clearly emphasizes thed-wave component.

V. CONCLUSION

The main aim of the present paper is to identify an int
action that can lead to pairing in La22xSrxCuO4 on the basis
of a symmetry analysis of the experimentally observ
anomalies in thek5” 0 phonon spectrum. It essentially de
scribes the interaction that causes the microscopic inho
geneities observed in experiments. The rest of the pape
devoted to a discussion of the implications for supercond
tivity and the phase diagram. The nonlocal Jahn-Teller p
ing interaction which couplest1 modes at theS point with
degenerate in-plane Opx and py states is in spirit, if not in
detail, similar to the motivation described in the original p
per on La22xBaxCuO4 by Bednorz and Mu¨ller.1 The pseu-
dogap in the normal state results from pair density fluct
tions, and the temperatureT* represents an energy scale f
the pairing kT* ;EJT.32 meV for La22xSrxCuO4. The
model naturally leads to the formation of stripes and

FIG. 6. A superposition of twot1 modes@observed in neutron
scattering by McQueeneyet al. ~Ref. 13!# with orthogonalk vectors
at theS point has the same displacements as thet7 mode at the
zone boundary observed in ESR~Ref. 17!.
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crossover from a predominantly paired~bosonic! normal
state to a mixed fermion-boson system in the overdoped
gion. A straightforward and appealing way to explain t
doping dependence ofTc in the overdoped regime by Eq.~8!
arises from the fact that at higher doping levels, the aver
stripe lengths increase and thus,the number of pairs is re-
duced,thus reducingTc . Apart from giving rise to a rathe
simple phase diagram that is consistent with experime
observations, the model also answers the question of
superconductivity often appears near an orthorhombic ph
of the material. However, because the pairs are dynamic
incommensurate, the locally orthorhombic phase associ
with the JT pair cannot be easily detected by time- and s
tially averaging experimental techniques, and one doesnot
expect to observe a static and uniform orthorhombic ph
belowT* . On the other hand, the model can explain well t
inelastic neutron scattering, neutron PDF, EXAFS, ARPE
susceptibility, and ESR, as well others,46–48,12which we have
not discussed here.

While here we have mainly focussed on La22xSrxCuO4,
.

n-
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e

B
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we note that similar largek5” 0 lattice distortions have bee
reported in YBa2Cu3O72d ,49,50 and we expect a simila
mechanism to work there also, as well as the other cupr
and oxides in general where mesoscopic inhomogeneities
observed. We have also omitted a discussion of the s
coupling associated with the local pairs given by the l
term in Eq. ~5!, but mention only that in contrast to th
Holstein model, the present Hamiltonian allows the form
tion of spin singletor triplet pairs.12 Finally, we might add as
a general comment that a short superconducting coher
length of the order of the intercarrier spacing may be
indication that carriers are paired by a finite-wave vector
instability forming nonlocal pairs. Apart from the cuprate
alkali doped fullerenes might be an example of such a ca
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