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Fluctuating local diamagnetic pairs of electrons, embedded in a Fermi sea, are candidates for non-phonon-
mediated superconductors without the stringent conditions on Tc which arise in phonon-mediated BCS classi-
cal low-Tc superconductors. The local accumulations of charge, from which such diamagnetic fluctuations
originate, are irrevocably coupled to local dynamical lattice instabilities and form composite charge-lattice
excitations of the system. For a superconducting phase to be realized, such excitations must be itinerant
spatially phase-coherent modes. This can be achieved by resonant pair tunneling in and out of polaronic
cation-ligand sites. Materials in which superconductivity driven by such local lattice instability can be expected
have a Tc which is controlled by the phase stiffness rather than the amplitude of the diamagnetic pair fluctua-
tions. Above Tc, a pseudogap phase will be maintained up to T�, at which this pairing amplitude disappears. We
discuss the characteristic local charge and lattice properties which characterize this pseudogap phase and which
form the prerequisites for establishing a phase-coherent macroscopic superconducting state.
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I. INTRODUCTION

Ever since the BCS theory identified the phonon exchange
mechanism as the cause for electron pairing leading to a
superconducting state and, at the same time, pinned down the
order of magnitude of the critical temperature Tc, consider-
able efforts have been undertaken to bypass these constraints
on Tc. One of the leading ideas was to look for fluctuating
local diamagnetism caused by intrinsic atomic correlations,
which would act as an essential component for pairing in the
many-body electron wave function. Since diamagnetic pairs
of electrons necessarily lead to local lattice deformations,
one searched for materials1 where such deformations would
exist on a dynamical level, as close as possible to but not at
a global lattice instability. This was thought to favor optimal
diamagnetism and strong superconducting correlations, with-
out leading to localization which would originate from static
lattice instabilities.

Along this line of thinking, systematic studies were un-
dertaken that searched for compounds liable to show charge
disproportionation, originating from unstable “formal” va-
lence states of the cations which build up such structures.
Those formal valence states, required by the chemical sto-
ichiometry given a certain crystalline environment, are
skipped. As a result, such materials become composed of
a mixture of cations, each of which with one more or
one less charge. Examples of such valence skippers which
are unstable are Tl2+, Pb3+, Sn3+, Bi4+, and Sb4+. These
elements prefer to exist as Tl1+, Pb2+, Sn2+, Bi3+, and
Sb3+ together with Tl3+, Pb4+, Sn4+, Bi5+, and Sb5+. This
implies a tendency to electron pairing and for that reason
attracted, early on, much attention for possible non-phonon-
mediated superconductivity of purely atomic origin. Charge
disproportionation then originates from effective negative-U
centers, to which the electrons, associated with the cations
with unstable valence configurations, are attracted and form
bound electron pairs. Casting such physics in terms of a

negative-U Anderson model gives rise to a variety of
macroscopic phases, such as charge fluctuation-driven
superconductivity,2–4 correlation-driven insulating states, and
translationally symmetry-broken charge-ordered states. For
the exactly half-filled band case, the stable valence configu-
rations �differing by two electrons� are degenerate and as a
result ensure resonant pair tunneling in and out of charge
Kondo impurities.5

The mechanism behind valence skipping has been a
highly debated subject and for a long time was attributed6–9

to an intrinsic intra-atomic interplay between the electron
affinity and the ionization energy, combined with a cross-
ing of stable closed 4s, 5p, and 6s electron shells. It has
become increasingly evident in recent years that valence
skipping and the resulting charge disproportionation system-
atically appear together with distinct deformations of the
cation-ligand complex, which strongly depend on which va-
lence state they are in. Thus, in order to overcome the rela-
tively large on-site Coulomb repulsion,10 strong Madelung
potentials, and strong covalent bonding,11,12 an adequate po-
larizability of the material and sufficiently large dielectric
constants ��20–40� �Ref. 13� must play together so that
charge disproportionation can be realized. It is now largely
considered that the prime mechanism for charge dispropor-
tionation lies in the local lattice relaxations of the ligands
surrounding those cations.14 This picture, closer to the tradi-
tional scenario originally hypothesized for localized defects
in semiconductors,15 however now requires taking into ac-
count a time retarded—rather than static—exchange interac-
tion between bound electron pairs and itinerant electrons.

The question we address in this paper is to what extent
charge disproportionation can be realized in the form of dy-
namical diamagnetic double-charge fluctuations on effective
sites, composed of cations and their surrounding ligand en-
vironments. The latter are deformed by local lattice instabili-
ties, which change their bond lengths or angles. In this way,
two electrons are either captured from the Fermi sea in the
form of a self-trapped bipolaron or released onto the cations
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in the immediate vicinity, where they become itinerant again.
One can thus hope for a resonant tunneling of pairs of elec-
trons in and out of such polaronic sites, inducing local dy-
namical pair correlations in the itinerant sector of the elec-
tron system. In this sense our scenario is similar to that of
fermionic atomic gases, in which a global superfluid phase
is induced by a Feshbach resonance16 which describes the
charge-exchange interaction between bound electron-spin
triplet states and electron-spin singlet scattering states. For
such coherent pair tunneling to occur in our counterpart
solid-state example, the charge and ligand deformation fluc-
tuations will have to be highly correlated with each other. We
shall examine here to what extent this is feasible. If the ex-
change of the two types of double-charge carriers is suffi-
ciently efficient, such charge disproportionation materials
and, possibly in a wider sense, the copper oxides and their
non-BCS-type superconductivity could be due to the reso-
nant bipolaron mechanism described above.

Particularly well studied examples of such materials are:
�a� Pb1−xTlxTe,7,8 with the parent compound PbTe, which

is a small gap semiconductor. Upon doping with Tl, which
exists as Tl3+ in this compound and plays the role of a kind
of negative-U center, Pb1−xTlxTe becomes a superconductor
with a relatively high value of Tc�1.5 K, considering its
small carrier density. For details we refer the reader to an
extensive literature on this subject; see Refs. 7 and 8 and
references therein.

�b� BaBixPb1−xO3 �Ref. 17� and Ba1−xKxBiO3, with the
parent compound BaBiO3, which is a diamagnetic insulator
with a charge-ordered state involving alternating BiIII and
BiV. �From now on we shall use the more appropriate de-
nomination accounting for covalency for the formal valence
states, indicated by roman numeral in the superscripts.� Band
theory predicts a metal on the basis of a formal valence state
BiIV. The charge-ordered state is stabilized due to a highly
anisotropic polarization of the O ligand environment,12 incit-
ing positional changes in the two stable valence species of
the Bi ions. BiV is in a regular octahedral ligand environ-
ment, with a Bi-O distance of 2.12 Å. BiIII is in a pseudo-
octahedral ligand environment where one of the six oxygen
ions in the octahedra is displaced to such an extent �with a
corresponding Bi-O distance of 2.28 Å� that it is effectively
becoming O2− after having transferred an electron to the
cation.18 The total outcome is a structurally different ligand
environment which favors a BiIII valence state. Partially sub-
stituting Ba by K results in a superconducting state with a
relatively high value of Tc�30 K, which has been consid-
ered as an example of superconductivity induced by double-
valence fluctuations.2–4

�c� Charge disproportionation is also seen on a molecular,
rather than atomic, level in systems such as Ti4O7,19 V2O5,20

and WO3−x,
21 in which one observes diatomic pairs of

TiIII-TiIII together with Ti4+-Ti4+, VIV-VIV together with
VV-VV, and WV-WV together with WVI-WVI. These different
valence states of the molecular units again show distinctly
different intramolecular distances, such as 2.8 Å for
TiIII-TiIII and 3.08 Å for TiIV-TiIV bonds. Moreover, with
increasing temperature these systems exhibit a thermally ac-
tivated conductivity by pair hopping. This demonstrates the
stability of such bound electron pairs on deformed molecular

units which are locked together in a dynamical fashion with
the charge fluctuations.

�d� Indications of dynamical charge fluctuations are also
seen in the cuprate superconductors. Here the situation is
however more involved. Stable valence states of Cu exist as:

�i� CuI in a dumbbell oxygen ligand environment, with a
characteristic Cu-O bond length of 1.84 Å �examples are
Cu2O, BaCu2O2, and FeCuO2�;

�ii� CuII in square planar oxygen ligand environments,
with a characteristic Cu-O bond length of 1.94 Å �an ex-
ample is CuO4�; and

�iii� CuIII in square planar oxygen ligand environments, in
rare cases, with a characteristic Cu-O bond length of around
1.84 Å and hence practically identical to that of CuI in
dumbbell environments18 �an example is KCuO2�.

In the cuprates the formal valency of Cu lies between II
and III. The square lattice of the cuprates is neither a strict
square planar nor a dumbbell ligand environment and there is
no indication of a static disproportionation of CuII. CuIII,
which should be favored in this cuprate planar lattice struc-
ture, could appear only through rapid metallic fluctuations or
be due to the stoichiometry of the structure, with an atypical
Madelung potential.22 Yet, local dynamical lattice fluctua-
tions involving the oxygen ligands of the planar Cu ions, the
Cu-O bond-stretch �or buckling� modes, exist. They can be
considered as being linked to charge fluctuations involving
local ligand environments which are typical of stable CuI and
CuIII. In the antinodal region of the Brillouin zone, where the
electronic density of states �DOS� is dominated by the
pseudogap phenomenon, local scanning tunneling micro-
scope �STM� spectroscopy23 did establish a strong coupling
of electrons with wave vectors �kx ,ky�= ��� ,0� and �0, ���
and local phonon modes with characteristic frequencies dis-
tributed around 50 meV. The isotope variation of these
modes �most likely associated with the Cu-O bond-stretch
mode� correlates with that of the pairing gap. This strongly
indicates that this local Cu-O bond-stretch mode could play a
significant role in the pairing mechanism of the cuprates.

If double-charge fluctuations do play a significant role in
establishing a superconducting phase, they have to sustain a
free-particle-like behavior with spatial phase coherence. This
should occur in spite of the sizable lattice relaxation which, a
priori, tends to render them rather diffusive. If in this largely
diffusive dynamics we can obtain a finite component of co-
herent phase-correlated double-charge fluctuations, then a
superconducting state can materialize. Such a state does not
describe a purely bosonic system of bipolarons and bipo-
laronic superconductivity but is characterized by resonating
bipolarons embedded in a Fermi sea. Their signature is a
pseudogap in the single-particle DOS at the Fermi level due
to strong pairing correlations above the superconducting
phase. This scenario has been discussed in great detail over
the past years on the basis of the boson-fermion model by
Ranninger and collaborators.

To address the question of the feasibility of coherent pair
tunneling, we consider charge carriers capable of existing
either as self-trapped bipolarons or as itinerant quasifree
tight-binding charge carriers on small clusters consisting of
the following:

�i� Cation-ligand complexes which are deformable and
which can capture the charge carriers in form of bipolarons.
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�ii� Square plaquettes composed of four structurally iden-
tical cation-ligand complexes �surrounding the deformable
central cation-ligand complex�, which we consider as unde-
formable. Charge carriers on these plaquettes shall hence
move as itinerant entities rather than be captured by po-
laronic effects.

Double-charge fluctuations in the present picture imply
fluctuations between doubly occupied and unoccupied sites,
driven by charge carriers tunneling in and out of such sites
and ultimately resulting in pair correlations among those on
the plaquette sites. Such essentially local physics contains
the essence of triggering a crossover from an insulating
purely charge-disproportionated state to a superconducting
state upon tuning certain parameters such as the electron-
lattice coupling, the adiabaticity ratio, and the charge-carrier
density. This physics, intrinsically related to a very local
mechanism,24 manifests itself in the single-particle spectral
function, the local diamagnetism, the local phonon softening,
the quasielastic peak in the neutron-scattering cross section
for the phonons, and the double-peaked pair distribution
function for the bond-length fluctuations.

In Sec. II we discuss the salient features of such double-
charge fluctuations driven by bond-length fluctuations and
present a scenario in terms of a kind of Holstein model
which takes into account the different ligand fluctuations
characterizing the various charge configurations. In Sec. III
we propose a model Hamiltonian which we consider to be
adequate for describing the local physics of such systems.
We discuss its basic features as far as the efficiency of local
pair tunneling is concerned and how such dynamically cor-
related charge-ligand deformation fluctuations are locked to-
gether in order to form phase-coherent correlated itinerant
excitations on a short spatial scale. In Sec. IV we discuss the
specific characteristics of: �i� the local lattice dynamics close
to instabilities, phonon softening, the quasielastic peak in the
dynamical structure factor, and the double-peak-structured
pair distribution function; and �ii� the diamagnetic correla-
tions induced among the itinerant electrons via such dynami-
cal local lattice instabilities and how they manifest them-
selves in a pseudogap feature in the electronic density of
states. In Sec. V, we briefly review the main findings of the
present work and discuss the further issues which have to be
treated next.

II. ELECTRON LOCALIZATION VERSUS
DELOCALIZATION IN ELECTRON-LATTICE COUPLED

SYSTEMS

The crossover from metallic or superconducting behavior
to localized behavior in electron-lattice coupled systems has
been a topic of long-standing interest and debate.25 The issue
has been reinvestigated with renewed vigor in recent years,
when it became apparent that an insulating phase of localized
polaronic charge carriers, bordering on a superfluid phase,
can be induced by many-body correlation effects.26–28 Earlier
widely pursued ideas considered density-driven stripping off
of the phonon clouds of individual polarons29,30 and related
to it a possible breakdown of Wigner polaron
crystallization31,32 into a metallic phase. Correlation-driven

localization can be turned into correlation-driven supercon-
ductivity by small modification of certain tunable experimen-
tal parameters. Real systems where such and similar phase
changes are manifest �cuprates, manganites, transition-metal
oxides, and magnesium diborides, just to name a few� are
complex in their structure as well as in the composition of
their metal-ion-ligand electronic configurations. Their par-
ticularity lies in the prevailing local physics, which has been
generally overlooked in theoretical studies of the polaron
problem. This local physics nevertheless dictates the out-
come of macroscopic states such as: �i� a superconducting
phase of itinerant electrons with Cooper pairing, �ii� an insu-
lating phase of localized bipolarons, and, possibly, �iii� a
phase corresponding to a Bose metal sandwiched between
the two, which has become of particular interest in recent
years.33–35 Since the physics of electron-lattice coupled sys-
tems involves local atomic or molecular displacements, it
requires a description in terms of small polarons, i.e., elec-
trons dragging with them a sizable local lattice deformation
which can be on the order of a tenth or so of the lattice
constant. We have for that reason to rely on the picture of a
Holstein-type molecular crystal model as the basis of our
study.

As a paradigm for systems with resonant pairing induced
by local lattice deformations, we can imagine as the simplest
scenario a bipartite lattice such as the one illustrated in Fig. 1
and consisting of:

�a� a sublattice of polaronic sites, where the charge carri-
ers couple locally and strongly to the molecular deformations
of the ligands, resulting in localized bipolaronic bound pairs
in the cation-ligand bonds; and

�b� a sublattice of nonpolaronic sites on which the elec-
trons �holes� move as itinerant charge carriers.

When the charge transfer between the two sublattices is
switched on, the electron �hole� pairing on polaronic sites,
leading to localized bipolarons, will compete energetically
with the itinerancy of uncorrelated charge carriers on the
nonpolaronic sites in their immediate vicinity, when their
respective energies are comparable. This induces pair corre-
lations among the otherwise intrinsically uncorrelated itiner-
ant charge carriers in locally very confined regions of the
lattice. On a macroscopic scale, this local physics �when

FIG. 1. Paradigm of a two-dimensional �2D� resonant pairing
system in terms of a bipartite lattice composed of polaronic cation-
ligand complexes �rings� comprising four anions �large circles� in
the center of interlinked plaquettes of four metallic cation sites
�small circles� housing the charge carriers in itinerant states.
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treated on the basis of a heuristic boson-fermion model sce-
nario� ultimately results in a competition between a
correlation-driven insulating phase and a superconducting
one.35,36 The transition from one phase into the other can be
tuned by varying the strength of the electron-lattice coupling,
the size of the adiabaticity ratio, the relative ionic potential
difference between the polaronic and the nonpolaronic sites,
and the concentration of the charge carriers. Specific inter-
connected local properties in such systems, which are deter-
minant for the physics on a macroscopic scale, are:

�i� the generation of an intrinsic pseudogap feature in the
local electronic density of states,34,35 which, depending on
the parameters of the system, foreshadows an insulating or a
superconducting gap;

�ii� the strong softening and a concomitant increase in the
spectral weight of local vibrational modes on the polaronic
sites,24 serving as a basic ingredient for the bipolarons to
acquire itinerancy and assuring a component of bosonic
charge-carrier transport; and

�iii� the double-peak structure in the local lattice displace-
ment pair distribution function due to a quantum coherent
superposition24 of bipolarons and pairs of intrinsically uncor-
related electrons in their immediate vicinity, which can result
in dynamically fluctuating stripe-type topological structures.

The approach to the polaron problem followed here is
similar to procedures followed in the correlation problem,37

based on Anderson’s resonating valence bond �RVB� idea.38

There, an intrinsic underlying magnetic structure leads to the
formation of local singlet hole pairs on plaquettes, dynami-
cally exchanging with pairs of uncorrelated itinerant holes in
their immediate vicinity. As concerns the connections to
other electron-phonon models, the present paradigm of a
fluctuating bipartite lattice structure of polaronic and nonpo-
laronic effective sites is qualitatively different from the usu-
ally studied molecular crystal Holstein model, where all the
sites are considered to be equivalent. Moreover, when the
attention is focused on charge Kondo-type resonance
features,39–41 the local electron-phonon coupling is assumed
to be of the form ��0��ni,↑+ni,↓−1��ai

++ai�; i.e., it is at any
site symmetric with respect to the single-site occupation. On
the other hand, as we have stressed in the beginning, systems
with double-charge fluctuations show strong anisotropy of
their ligand deformations. This motivates us to take an asym-
metric electron-lattice coupling of the form ��0��ni,↑
+ni,↓��ai

++ai�. Although the modulus of the displacements of
either unoccupied or doubly occupied sites relative to the
singly occupied sites, i.e., �ai

++ai�= �2��ni,↑+ni,↓�, is the
same for the two types of couplings �symmetric and asym-
metric�, the respective energies, related to the electron-lattice
coupling, are not. For the usual symmetric electron-phonon
coupling, the energies of the unoccupied and doubly occu-
pied site are degenerate. It is this which results in the Kondo-
type resonance in the charge channel39–41 provided that the
chemical potential of the system is such that this degeneracy,
representing the two stable valence configurations, is guaran-
teed, which is the case for the exactly half-filled band limit.
Away from this limit, this is not the case and the resonance
disappears.41 A further and essential difference between the
generic Holstein scenario and the present paradigm for reso-
nant pairing systems is that in the valence fluctuation sce-

nario the ligands of two adjacent cations have an anion in
common. This leads to strong intersite correlations between
cations with different valence states and correspondingly dif-
ferent ligand environments compatible with this bridging
oxygen. These facts differentiate between sites where the bi-
polarons form and sites in the immediate vicinity where they
do not. This is similar to what happens with Zhang-Rice
singlets in cuprates,42,43 where singlet pairs form on a Cu ion
and its immediate ligand environment of four oxygens but
where nearest-neighboring Cu ions cannot behave as such
Zhang-Rice singlets at the same time. This “exclusion”
feature44 introduces in the end strong local correlation effects
in the band structure of the whole system, which is part of
the salient features of the cuprates. Our proposition here is
that the local polaronic features of double-charge fluctuations
should have a similar effect on the overall band structure and
in particular will give rise to a charge pseudogap of polaronic
origin.

III. MODEL

The aim of this work is to examine the local physics of
polaronic systems lending themselves to double-charge fluc-
tuations, coupled via an exchange term to itinerant charge
carriers. They impose on the latter strong local dynamical
diamagnetic fluctuations, which can eventually lead to a glo-
bal phase-locked superconducting state. We shall do this
here, having in mind the cuprates and in particular their nor-
mal phase properties. These systems are more complicated
than the paradigm for resonant pairing systems discussed in
Sec. II, in the sense that all the Cu cations are intrinsically
equivalent and there is no translational symmetry breaking to
be expected from the outset. Yet we had early-on strong ex-
perimental indications45 that the structural correlations and
deformations in the cuprates show remnant bipartite lattice
features, on a local level as well as on a finite time scale.
These topologically different features, generally referred to
as “stripes,” break the translational, as well as the rotational,
symmetry on a local level.

The application of the valence fluctuation scenario, de-
scribing possible resonant pairing in high-Tc superconduct-
ing cuprates, implies, for the reasons clarified below, the con-
sideration of three formal valence configurations in the CuO2
layers, CuI, CuII, and CuIII. Distinct ligand deformations are
associated with them, dumbbell for CuI and square planar for
CuII and CuIII, but differing from each other in the value of
the Cu-O distances �see Fig. 2�. The Cu cations in the CuO2
layers of the insulating parent compound have a square oxy-
gen ligand environment with Cu-O distances equal to
1.94 Å and are in formal valence state CuII, according to
their chemical composition. Moreover, the cuprates represent
a metastable structure characterized by a geometric misfit of
the various layers,46 which leads to Cu-Cu distances in the
CuO2 layers which can accommodate such �CuII-O4� units
�see Fig. 2�a�� only by pushing the oxygens alternately
slightly above and below these layers. This structural effect
is usually called buckling.

Upon hole doping one introduces single holes in such
�CuII-O4� units, which make them turn into �CuIII-O4� units,
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with shortened Cu-O distances equal to 1.84 Å. Referring to
our small cluster, such a doped effective cation-ligand unit is
represented by the central effective site 5 in Fig. 2�b�. The
reduction to 1.84 Å of the bond lengths in the �CuIII-O4�
units is accompanied by an unbuckling of the four oxygen
cations belonging to these units, which are pulled into the
CuO2 plane but keep unaltered their distances from the CuII

ions on the plaquette sites, thus inducing no long-range stress
field. In this way, the oxygen cations surrounding each of the
CuII ions �located at sites 1–4 in Fig. 2�b�� are still all at the
same distance of 1.94 Å from it, but one of them �the bridg-
ing oxygen between Cu5 and Cui �i=1–4�� now lies on the
CuO2 plane and not above or below it.

We conjecture that the �CuIII-O4� units with their doping-
induced ligand deformations act as polaronic traps, binding
two holes in the form of a localized bipolaron. If the energy
of this state is almost degenerate with that of the hole states
at the Fermi level, then this bipolaron can split into two holes
going on the surrounding matrix. As a consequence,
�CuIII-O4� turns into �CuI-O4�. As pointed out in Sec. II, CuI

is typically in a linear O-Cu-O dumbbell configuration. If we
suppose that this happens also in the CuO2 layers, we are
faced with two degenerate O-Cu-O dumbbell bonds along
the x and y directions, with a shortened bond length of
1.84 Å �see Fig. 2�c��, which is the same as for the
�CuIII-O4� units. This would cause an anisotropic unbuckling
of the corresponding bridging oxygens in either one or the
other direction but leaving the CuII-O4 units on the plaquette
sites unaltered, as far as their Cu-O bond lengths are con-
cerned. It is also feasible that, given this directional degen-
eracy of the bonds of the CuI valence states, an isotropic
ligand deformation with the same bond length of 1.84 Å
materializes, due to dx2−y2 hybridization in the CuO2 plane47

and which then would be very similar to the configuration
illustrated for the CuIII-O4 unit in Fig. 2�b�. It would lead to
an isotropic unbuckling, again with no changes in the bond
lengths of the cation-ligand units on the plaquettes.

The microscopic foundation of the various formal valence
configurations, conjectured here to play a role in the cu-
prates, is left to be investigated in the future. For the present
study, where we shall treat the ligands as an effective de-
formable scalar quantity, we do not deal with such detailed
questions concerning the anisotropy of the deformations on
the central sites acting as resonating bipolaronic traps. The
valence fluctuations involving the central �CuIII-O4�5 unit
lead to the release of two holes from the latter onto the
neighboring �CuII-O4�i units on the plaquette sites i=1–4,
and vice versa ��CuIII-O4�5⇔ �CuI-O4�5+two holes�. Once
on the plaquette units, these holes engage in itinerant states
which prevent them from getting localized in form of self-
trapped bipolarons on those �CuII-O4�i units. Such a mecha-
nism describes tunneling in and out of hole pairs from a
given central deformable ligand �Cu-O4�5 unit �our effective
site 5� into the surrounding �CuII-O4�i units which remain
essentially undeformed. For this reason we neglect here any
charge-ligand deformation coupling on those plaquette sites.

We remind the reader that formal valence in such systems
has to be interpreted in terms of the charges involved in the
covalent bonds between the cations and their ligand environ-
ments and not simply in terms of the charges on the cation.
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FIG. 2. �Color online� Basic cluster in double-valence
fluctuation-driven pairing on the CuO2 planes consisting a central
Cu cation oxygen ligand environment in three different formal va-
lence states, CuII, CuIII and CuI, illustrated in �a�, �b�, and �c�, re-
spectively. Such central cation-ligand units are linked via a common
bridging oxygen to neighboring CuII-O4 units. The small red circles
denote the Cu cations and the large circles the oxygens. Dark blue
means that they are pushed above the CuO2 planes, light blue that
they are below, and white circles that they are in plane.
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In the cuprates the covalent character in the CuO2 planes is
very pronounced. This might be one reason why spectro-
scopically neither CuIII nor CuI has been detected so far.
Furthermore, given the fact that the three formal valence
states CuI, CuII, and CuIII have different ligand environments,
the coupling of those deformations to the charge will in gen-
eral not be symmetric with respect to singly occupied units
�CuII-O4�. In the planar CuO2 layer of the cuprates, all the Cu
ions are equivalent and their charge coupling to the ligand
deformations are spatially homogeneous. But this coupling
does depend on the formal Cu valence state which is active
at any given moment. If we consider the cuprates as being
made out of an ensemble of overlapping clusters, as given in
Fig. 2, this immediately leads to local dynamical correlations
between neighboring ligand deformations. On a short range
we can therefore expect that this will naturally lead to inter-
calated topological local structures. The anisotropy of the
O-CuI-O bonds could be relevant for the anisotropic local
symmetry breaking.

The construction of a macroscopic state on an infinite
lattice, starting from a spatially translationally invariant
Hamiltonian but working in a representation of such finite
cluster states, which contain the essential local physics, can
in principle be achieved. One way would be using
renormalization-group techniques such as the plaquette con-
tractor method, based on small clusters of the form illus-
trated in Fig. 2. This method was developed by Morningstar
and Weinstein48 and applied to the RVB scenario by Altman
and Auerbach.37 For the present scenario of valence
fluctuation-driven pairing, including the various ligand de-
formations correlated with the formal valence state of the
clusters presents a formidable numerical task. Questions like
that will be addressed in some future work.

Here we shall content ourselves with studying the dynam-
ics of such basic clusters making up the CuO2 layers, which
permits us to draw some preliminary conclusions on such
macroscopic phases. Considering an ensemble of such spa-
tially and temporarily uncorrelated fluctuating clusters, with-
out any long-range spatial phase coherence between them,
allows us to describe certain features of the pseudogap phase
in the cuprates and its corresponding onset temperature T�.
We can assess the frequency of the resonant pair tunneling
processes, driven by the local ligand deformation fluctua-
tions �which play the role of local dynamical lattice instabili-
ties in a macroscopic system� and which can be approxi-
mately related to the mass of the diamagnetic pair
fluctuations and thus to the value of Tc for the onset of a
Bose-Einstein condensation-driven superconductivity.

In order to capture the salient features of the local physics
of valence fluctuations in the cuprates, as exposed above, we
illustrate in Figs. 2�a�–2�c� the various valence configura-
tions of such clusters, where the central Cu cation is alterna-
tively in a CuI, CuII, and CuIII formal valence state. We ad-
dress this local problem here in a somewhat simplified
version, neglecting the detailed structure of the oxygen
ligand environments surrounding the Cu cations. For that
purpose we assume the �Cu-O4�5 unit to be composed of: �i�
a central cation surrounded by an isotropically deformable
ligand environment of four anions on an effective site 5 and
�ii� four neighboring �Cu-O4�i units �i=1–4� on the

plaquette, representing nonpolaronic sites for which we con-
sider the charge-ligand deformation coupling to be inactive.
This is because we consider the charge carriers on the
plaquette sites to move as itinerant entities and those ligands
have no time to respond to the charge-deformation coupling.
They remain in their buckled configurations, corresponding
to the �CuII-O4�i units. We shall denote the hopping rate be-
tween the plaquette sites by t and that between the latter and
the central polaronic deformable unit by t�. The dimension-
less coupling between the charge density and the local ligand
deformations is denoted by � and the bare vibrational fre-
quency of the bond-length fluctuations of that latter by �0.
We assume that the ionic levels of the plaquette sites and of
the polaronic sites have a difference in energy, given by �.
The reason for that is the following: Our picture is that the
local clusters, as illustrated in Fig. 2, represent the essential
dynamical units of the cuprate CuO2 planes. In this picture,
the states of holes on the plaquette sites play the role of the
states of itinerant holes in an infinite system close to the
Fermi level, moving in a Hubbard-correlated fashion. The
holes we tackle are those induced by doping the parent com-
pound of the correlated problem but which, on an individual
cluster, we shall simply treat as itinerant uncorrelated holes
on the plaquette. Including the Hubbard U in this problem
would require one to consider at the same time the electronic
correlations on the polaronic sites, leading to Zhang-Rice
singlets, and those on the plaquette sites, reflecting their pair-
ing in the overall density of states near the Fermi level. This
is, however, beyond the present description.

Given these considerations, the Hamiltonian describing
such cluster is

H = − t �
i�j=1,. . .,4,�

�ci,�
† cj,� + H.c.� − t� �

i=1,. . .,4,�
�ci,�

† c5,� + H.c.�

+ ��
�

c5,�
† c5,� + ��0	a†a +

1

2



− ��0��
�

c5,�
† c5,��a + a†� , �1�

where ci�
�†� denote the annihilation �creation� operator for a

hole with spin � on site i and a5
�†� denote the phonon anni-

hilation �creation� operator associated with the deformable
cation-ligand complex at site 5. This local Hamiltonian de-
scribes a competition between localized bipolaronic hole
pairs on the central cation-ligand complex and itinerant holes
on the plaquette sites, when the energies of the two configu-
rations are comparable, i.e., for 2�−4��0�2�−4t. We illus-
trate in Fig. 3 the variation with � of the low-energy spec-
trum of such a system for a set of parameters �t=0.2, t�

=0.15, �=0.5, and �0=0.1, in bare units� corresponding to a
typical region in the parameter space ��0 / t ,��0�2 / t� where
resonant pairing is well pronounced and rather robust against
thermal fluctuations. Our approach is a straightforward exact
diagonalization of H, leading to eigenenergies En associated
with eigenstates of the form

�n� = �
k

�
	=0

Nph

Ak,	
�n��k� � �	� , �2�

where �k� designates the configurations of two holes with
opposite spins distributed over the five cluster sites, �	� de-
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notes the 	th excited state of the undisplaced harmonic os-
cillator state, and Ak,	

�n� is the corresponding weight in the
eigenstate �n�. Taking into account a truncated Hilbert space
for the phonon states �	�, we limit ourselves to Nph=70. For
the set of parameters and temperatures we are concerned
with, this is sufficient. We notice from Fig. 3 that the low-
energy eigenvalues En�−4t+n��0 are relatively unaffected
as � is increased except when they get close to crossing the
energy of the localized bipolaron level at some �c. As � is
increased above this value, the energy eigenvalues follow the
downward trend of the localized bipolaron energy, tending to
En�2�−4��0�2+n��0.

In Fig. 4 we trace out the occupation probabilities in the
two-particle ground state �GS� for the configurations with: �i�

the two holes on the polaronic site, �GS�c5,↑
† c5,↑c5,↓

† c5,↓�GS�;
�ii� the two holes on the plaquette sites,
�GS�cq=0,↑

† cq=0,↑cq=0,↓
† cq=0,↓�GS�, where cq=0,�

† �0�= 1
2�i=1

4 ci,�
† �0�

signifies the lowest-energy Bloch state of the plaquette; and
�iii� the two holes distributed between the two types of sites,
��=↑,↓�GS�c5,�

† c5,�cq=0,−�
† cq=0,−��GS�. Figure 4 shows a rapid

changeover when we sweep � through a narrow regime
around �c=2.12 for �0 / t=0.5. It is in this narrow regime
that we can expect resonant pairing, which means a tunnel-
ing of bipolaronic hole pairs from the central site to the
plaquette sites and vice versa, in this way inducing a hole
pairing on the latter.

The efficiency of double-charge fluctuations is controlled
by the ease with which holes tunnel in and out of sites. At
zero temperature it is given by the ground-state static cor-
relator

Fexch
el = �GS�cq=0,�

† c5,��GS� , �3�

where �GS� denotes the ground state for the two-hole system.
The variation of Fexch

el with � is illustrated in Fig. 5. We
notice that for � close to zero, the efficiency of such tunnel-
ing is governed by the residual tunneling rate determined by
the difference in energy between the central site and the
lower-lying Bloch states on the plaquette, equal to �−2t. As
one approaches a certain �c from below, we notice a strong
increase in this tunneling efficiency. However, when going
above �c, this efficiency drops rapidly to zero, meaning that
the holes are now quasilocalized on the polaronic site in
form of bipolarons.

In order to have a double-charge fluctuation-induced su-
perconducting phase, driven by dynamical local lattice insta-
bilities, the above criterion for a high efficiency rate of hole

-2.5

-2

-1.5

-1

-0.5

0

1.6 1.8 2 2.2 2.4 2.6 2.8 3

tw
o-

el
ec

tr
on

ei
ge

nv
al

ue
s

E
n(

α)

α

t=0.2
t*=0.15
ω0=0.1
∆=0.5

2∆−4−hω0α2

E0
E1
E2
E3
E4

FIG. 3. �Color online� The low-energy two-hole spectrum of H
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tunneling in and out of polaronic sites is not sufficient. What
is relevant is the efficiency of coherent double-charge fluc-
tuations between the polaronic site and the plaquette. Such
coherent or resonant pair tunneling is given by the efficiency
factor

Fexch
pair = �GS�c5,↑

† c5,↓
† cq=0,↓cq=0,↑�GS� − �Fexch

el �2, �4�

where we have subtracted out the rate of exchange of the
bipolaron with two holes on the plaquette via incoherent
single-hole processes, given by the second term in this ex-
pression. The efficiency factor for resonant pair tunneling
�see Fig. 6� is sharply peaked near �c, its maximal intensity
depending on the adiabaticity ratio �0 / t. The coherent pair
tunneling represents only a small fraction of the total tunnel-
ing rate, determined largely by its incoherent part. Neverthe-
less, the size of this coherent component of the two-particle
spectral function is sufficient to ensure a high enough con-
densate fraction in order for a superconducting phase-
correlated state to be stabilized. It provides a strong support
to the idea that such a mechanism plays a role in real mate-
rials which have tendencies to local dynamical lattice insta-
bilities driving double-valence fluctuations.

In order to visualize resonant pair tunneling in and out of
the polaronic cation-ligand complex, we examine the evolu-
tion with time � of double-charge fluctuations �see Fig. 7�. It
is described by the correlation function

Cfluct
pair ��� = �GS��nk=0,↑���nk=0,↓��� − n5,↑���n5,↓����


�nk=0,↑�0�nk=0,↓�0� − n5,↑�0�n5,↓�0���GS� . �5�

Near �c=2.12 �for �0 / t=0.5�, the charge disproportionation
follows a smooth oscillation in time with a period �0��70
and an amplitude varying between +0.5 and −0.5. When this
correlation function is positive and at its maximum, such as
for �0�=0,70, . . ., it indicates that both holes are on the cen-

tral polaronic site. If it is negative and maximal, such as for
�0�=35,105, . . ., it means that both holes are on the
plaquette. The tunneling frequency of the coherent part of
this motion of the hole pairs is �0

�= �2� /�0���0
��2� /70��0�0.09�0, as we see from Fig. 7. It represents
the frequency for a correlated mode, locking together the
dynamics of the charge and deformations of the ligand envi-
ronment or, in our simplified description, of some bond
length X=�� /2M�0�a†+a�. The fluctuations of the latter are
described by the correlator

Cfluct
bond��� = �GS��a†��� + a�����a†�0� + a�0���GS� . �6�

Its variation in time � is illustrated in Fig. 8. In line with the
fluctuations of the charge distribution, this bond-length fluc-
tuation shows for ���c the same smooth oscillating behav-
ior with frequency �0

�=0.09, centered around some mean
deformation �GS��a†+a��GS�. The important feature of such
resonant pair tunneling is that the fluctuations, which accom-
pany the systematic motion of the charge distribution as well
as of the bond-length,

�i� are on a time scale, typically on the order of 1 /�0,
much shorter than the one of the coherent tunneling motion,
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pair as a function

of �0�2 / t for converting, via resonant tunneling, a localized bipo-
laron on the central polaronic cation-ligand complex into a pair of
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�ii� have an amplitude which is small compared to the
amplitude of the systematic coherent oscillating behavior on
the time scale of 1 /�0

�.
As soon as we move away from this resonance regime, by

tuning � away from �c for a given adiabaticity ratio, the
bond-length fluctuations very quickly lose their smooth co-
herent oscillating behavior. They begin to show phase slips,
which, as a result, decorrelate the hole pair fluctuations from
those of the bond-length ones. As a result, the hole pairs
become confined on either the central polaronic site for �
�2.14 or the plaquette sites for �
2.10. In our small sys-
tem this confinement is inferred from the absence of any sign
of periodic motion of the charge and bond-length fluctuations
between those two different kinds of sites. This is true for the
whole regime of �0� between zero up to at least 20 000. For
all intents and purposes, one can therefore regard such a
behavior either as a localization for ���c of tightly bound
hole pairs on the polaronic site or as a confinement for �

�c of two uncorrelated holes on the plaquette. Incorporat-
ing this feature into an infinite lattice structure, such as the
one depicted in Fig. 1, we expect that for ���c we have a

true charge disproportionation; i.e., the system breaks up into
a mixture of cations with localized bipolaronic hole pairs on
the cation-ligand sites, leaving the remaining cations without
any hole. For the opposite case, �
�c, we expect a metallic
behavior with locally correlated pairing of holes induced by
a dynamical charge-exchange coupling with the neighboring
polaronic sites. Depending on the overall particle density,
this can give rise to: �i� charge-ordered states with transla-
tional symmetry breaking, passing from a covalent to ionic
bonding;49 and �ii� correlation-driven insulating states.35,50

IV. SIGNATURES OF RESONATING BIPOLARONIC
DOUBLE-CHARGE FLUCTUATIONS

The phase-correlated dynamics of the charge and the
ligand deformation results in several characteristic features
in the electronic and lattice properties which are in principle
tractable experimentally. Since these features arise from
purely local correlations, they are adequately described by
the small cluster model system studied here. These features
involve:

�i� The strong softening of a local phonon mode with
frequency �0

R �see top panel of Fig. 9�, which describes cor-
related fluctuations of the charge and the local lattice defor-
mations of the cation-ligand complex. This mode is de-
scribed by the spectral function for bond-length fluctuations,
given by

Bph��� = −
1

�
Im Dph��� , �7�

with

Dph��� =
2M�0

�
��X;X���. �8�

At finite temperature Bph��� is given by

Bph��� =
1

Z
�
n,m

e−�Em��m��a† + a��n��2��� + En − Em� , �9�

with Z=�ne−�En. As this local mode softens upon approach-
ing �c, its spectral weight Bph��=�0

R� strongly increases,
reaching a high maximum at �0

R��c���0
� �see middle panel

of Fig. 9�. This is indicative of the large amplitude fluctua-
tions of the bond length, which are necessary to drive the
double-charge fluctuations between the polaronic cation-
ligand complex and the plaquette sites in a coherent fashion.

�ii� The spectral weight of the zero-frequency bond-length
correlation function Bph��=0� is practically zero for �
�c,
sharply increases in a narrow region around �c, and then
continues to grow linearly upon further increasing � �see
bottom panel of Fig. 9�. This is indicative of a dynamical
local lattice instability, which should manifest itself as a cen-
tral peak structure—a quasielastic peak—in the neutron-
scattering cross section. Such features have been observed
previously in systems with local dynamical lattice instabili-
ties near ferroelectric phase transitions,51 martensitic phase
transition in A15 compounds,52 and SrTiO3.53,54

�iii� The emergence of a double-peak structure in the
static pair distribution function �PDF� for the bond length,
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g�X� =
1

Z
�

n

e−�En�n���x − X��n�

=
1

Z
�

n

e−�En�
k

�
	,	�

Ak,	
�n�Ak,	�

�n� �	���x − X��	��

� �
n

�n�X� , �10�

which can be measured by neutron spectroscopy or extended
x-ray-absorption fine structure �EXAFS�. This function has

been investigated in experimental studies concerning the lo-
cal dynamical lattice topology in the cuprate superconductors
and in the manganites for the Cu-O and for the Mn-O bond-
stretch modes, respectively. �For a review see the contribu-
tions by Sinai et al. and by Egami in Ref. 25.�

Our results, shown in Fig. 10, indicate how the PDF
evolves near the critical value of �c, at which resonant pair-
ing is present, and how it is affected by the temperature. The
left column of this figure shows the evolution of the PDF as
� crosses �c for several temperatures. At T=0 there is a clear
signature for a double-peak structure at �c, quickly disap-
pearing as we go away from this resonance condition. At
very low temperatures the double-peak-structured PDF can
be taken as an indication of resonant pairing. At finite tem-
perature, however, one cannot accredit the double peak to a
resonant tunneling of double-charge fluctuations. This be-
comes clear from the second and third columns of Fig. 10,
showing the contributions �0�X� and �1�X� to the total PDF,
coming from the ground state and the first excited state, re-
spectively. At finite temperature, a double-peak structure al-
ways arises away from �c from thermal excitations, which
contribute to the PDF in form of phase-uncorrelated single-
peak contributions.

�iv� The onset of strong local pair correlations between
the charge carriers below a certain temperature T�, resulting
in a pseudogap in the local density of states of our cluster. It
was in fact on the basis of the present scenario that a
pseudogap phase was initially predicted for the cuprates
above the superconducting transition.55,56 Its lattice-driven
origin became apparent in the isotope effect experimentally
observed57 on the temperature T� at which the pseudogap
opens up.58 Within the same scenario, the onset of the
pseudogap feature was found to be related to a change from
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single-particle transport at temperature above the onset of the
pseudogap �T�T�� to one which is controlled primarily by
bound charge-carrier pairs below T�, upon approaching Tc
from above. These bound pairs then acquire free-particle-like
dispersion, which results in a transient Meissner effect59 �ex-
perimentally verified60� and remnant Bogoliubov shadow
modes in the pseudogap phase.61 These theoretical results
were obtained by assuming an effective local static exchange
mechanism between bipolaronic bound hole pairs and itiner-
ant uncorrelated pairs of holes. The present work shows to
what extent such a heuristic scenario, investigated within the
boson-fermion model, holds true and to what extent a time
dependent relaxation of the cation-ligand environment, trap-
ping momentarily the charge carriers in form of bipolarons,
permits one to use such an effective double-charge-exchange
mechanism.

In Fig. 11 we illustrate separately the contributions to the
DOS coming from the holes on the plaquette and those com-
ing from the central polaronic site. The first ones involve the
region near the center of the DOS and show a significant
amplitude as well as asymmetry. The latter is a consequence

of the asymmetric charge-lattice deformation coupling which
we assumed in this work �see Sec. II�. The holes on the
polaronic site are responsible for the peaks on either side of
the center of the DOS at large frequencies. We notice that as
the temperature decreases �right panels of Fig. 11�, the
pseudogaplike structure turns into a well-defined gap. It is
this feature which, on the basis of an effective boson-fermion
model treatment,34,35 finally leads to a true superconducting
gap below Tc.

�v� Resonant pair tunneling in and out of the polaronic
cation-ligand complex into the surrounding sites on the
plaquette incites pair correlations in the latter. They give rise
to the residual pairing in a many-body state, where local
diamagnetic fluctuations are embedded in an underlying
Fermi sea and eventually result in a macroscopic supercon-
ducting phase. Indications of such local diamagnetism in the
pseudogap phase of the cuprates have been observed.62 We
illustrate in Fig. 12 the variation with � �near �c� of the
average density np,

np = �nq=0,↑nq=0,↓� − �nq=0,↑��nq=0,↓� , �11�

of diamagnetic paired holes on the plaquette and notice that
is it quite sizable—about 20% of the total average density of
holes on the plaquette at �c. Slightly away from this resonant
regime, the holes are either pair-uncorrelated �for �
�c� or
not existent on the plaquette �for ���c�, being confined to
the polaronic cation-ligand complex as localized bipolarons.
The variation with the temperature of np is illustrated in Fig.
13. The contributions to np come primarily from two sources.
The first and dominant one comes from the first excited state
of the system, lying at an energy �0

� above the ground state,
and reflects the resonant nature of this diamagnetic pairing.
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the contributions coming from the plaquette sites �the spectral lines
near the center of the DOS, in red� and from the central polaronic
site �the spectral lines at the wings at high frequencies, in green�. �a�
Evolution of the DOS at low temperature T=0.05 �left column� as �
crosses the critical value for resonant pairing at �=�c=2.12. �b�
Evolution of the DOS with increasing temperature at �c=2.12 for
�0 / t=0.5 �right column�, which shows the filling in of the
pseudogap with increasing T. The energy � is in bare units and the
pseudogap evolves around �−2��0�c

2�−2t=−0.4.
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FIG. 12. �Color online� Density np of correlated hole pairs on
the plaquette as a function of �0�2 / t, showing a strong enhance-
ment close to �c����t+� /2� /�0� due to resonant pair tunneling.
At �c, np is typically on the order of 0.1, which has to be compared
with the average total density of holes on the plaquette,
���GS �nq=0,↑nq=0,↓�, which from Fig. 4 follows to be roughly equal
to 0.5.
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The second contribution comes from the ground state itself,
which indicates a static diamagnetic polarization of the holes
induced by this resonant pairing effect. As a result, as the
temperature increases, np initially increases, then it flattens
off at a certain temperature T�, and eventually decreases to
zero due to thermal fluctuations. We thus take T� as a mea-
sure of the temperature of the onset of resonant pairing and
the opening of the pseudogap of the electronic DOS. The
diamagnetism is strongest in the adiabatic regime, where the
contribution coming from the resonant pair tunneling is
maximal, showing a peak of np at low temperatures. These
resonant features are clearly reflected in the dynamical pair-
ing susceptibility �not presented here�, which shows a
strongly peaked behavior at a frequency �0

� above the
ground-state energy, indicative of the resonant nature of such
diamagnetic fluctuations.

V. SUMMARY

The main objective of the present work was to examine to
what extent double-charge fluctuations, driven by local dy-
namical lattice instabilities, can result in resonant pair tun-
neling in and out of polaronic cation-ligand complexes, such
that spatial phase coherence of these fluctuations on a long-
range scale can ultimately be envisaged. This local physics
with coherent resonant pair tunneling is a prerequisite for
ensuring the existence of itinerant bosonic quasiparticles de-
scribing diamagnetic local pair fluctuations, embedded in a
Fermi sea. It results in the opening of a pseudogap in the
single-particle DOS at T�, which above Tc simulates that of a
semiconducting phase at finite T. As T is decreased, this
pseudogap goes over smoothly into the superconducting gap
below Tc, where part of it is still controlled by the gap arising
from pair correlations in the normal state.35 In the strong-
coupling antiadiabatic regime, resonant pair tunneling would

reduce to an exclusively bosonic system, composed of local-
ized bipolarons forming static charge disproportionation
insulators.50 Superconductivity in systems with resonant
pairing is qualitatively different from that of a BCS state in
the sense that its Tc is controlled by phase rather than ampli-
tude fluctuations, as is the case for the cuprate high-Tc su-
perconductors in the underdoped regime. This requires, on a
dynamical basis, a correlated mixture of diamagnetic pairs
and quasifree charge carriers, as described by the boson-
fermion model in its simplest version, where Hubbard corre-
lation effects, which are certainly important in the cuprates,
are neglected.

Using the values of �0
� and np deduced from the numerical

results illustrated in Figs. 9 and 12 and referring to the
adiabaticity ratios �0 / t=0.375,0.5,1.0,1.5, we estimate
for the superconducting transition temperature the values
Tc��� /a��4,10,20,27� K. Here we have used the ap-
proximate expression Tc��2�� /a��np /mpa2� for phase
fluctuation-driven superconductivity, where � denotes the
coherence length, a is the lattice constant, and np and mp
are the number and the mass of the diamagnetic pairs,
respectively. mp is related to the resonant pair tunneling
frequency �0

� by �2 /2mp=�0
�a2. Within our scenario of a

lattice instability-driven superconductivity, such a crude es-
timate already gives values for Tc which are quite reason-
able. They have been obtained by using a single input pa-
rameter, �0=50 meV, taken from experiments concerning
the Cu-O bond-stretch mode. It is this mode which shows an
anomalous softening for large q vectors close to the zone
boundary and is thought to play an active role in such pos-
sible dynamical local lattice instabilities in the cuprate
superconductors.63,64 The value of the electron-phonon cou-
pling � in this estimate for Tc is taken at the resonance, i.e.,
�=�c= �2.45,2.12,1.5,1.22� for the various values of the
adiabaticity ratios considered here. The nearest-neighbor and
next-nearest-neighbor hopping integrals are taken to be of
the same order of magnitude, i.e., t / t�=0.2 /0.15.

We can also estimate the onset temperature T� of pairing
correlations in the itinerant subsector of the charge carriers.
From the behavior of the pairing amplitude np, given in Fig.
13 as a function of the temperature T, T� should be approxi-
mately identified by the crossing point of the tangent to the
rising portion of np at low T and the horizontal line passing
through the maximum of np. This T� is sensitive to pressure,
which increases the local phonon frequency. Using the ther-
modynamic relation between pressure-induced changes �T�

in T� and ��0
� in the local phonon frequency �0

�, �T� /T�

=����0
�� /�0

� �� denotes a numerical factor of order unity,
related to the Grüneisen parameter�, this experimentally veri-
fied relation65 for the cuprates with ��−3 holds for our set
of values for �0

� and T� with a � of order unity.
Our concept of resonant pairing-induced diamagnetic

fluctuations bears some resemblance to what has been
termed Cooper pairing due to overscreening. Overscreening
the Coulomb interaction between the electrons implies a
negative electronic contribution �besides the positive ionic
one� to the static dielectric constant, �el��=0,q�
0 for cer-
tain q=k−k� vectors in the Brillouin zone provided that it is
smaller than −1. This overscreening does not result in static
global lattice instabilities.66 It can thus provide a mechanism

0.075

0.08

0.085

0.09

0.095

0.1

0.105

0.11

0.115

0.12

0 0.05 0.1 0.15 0.2

n p

T

α=αc

ω0 / t = 0.375
= 0.5

= 1
= 1.5

FIG. 13. �Color online� Variation with the temperature T of the
density np of correlated hole pairs on the plaquette for various adia-
baticity ratios �0 / t and the corresponding �c. With increasing T, np

rises and then flattens off at some T�, which indicates the onset
temperature for pair correlations on the plaquettes.
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for superconducting pairing among holes with wave vectors
�k ,−k�� for much higher electron-phonon couplings than ini-
tially thought. This idea has been brought up again in con-
nections with the cuprate superconductors, where the soften-
ing of the Cu-O bond-stretch mode in the Brillouin zone
along the directions of the antinodal wave vectors, such as
�0, �0.5�� /a and ��0.5,0�� /a, was interpreted as a signa-
ture for overscreening, resulting from local phase-correlated
charge and bond-length fluctuations.67 As we could confirm
in the present work, such correlated pair fluctuations do in-
deed exist and are quite robust. However, based on our study,
we do not expect that they give rise to a BCS-type supercon-
ducting phase which is controlled by pairing amplitude fluc-
tuations. Such systems should be close to an insulator-to-
superconductor transition,35,36 the insulator being represented
by phase-uncorrelated pair fluctuations and the supercon-
ductor by spatially phase-correlated ones with a Tc controlled
by phase and not amplitude fluctuations. As far as supercon-
ductivity is concerned, our approach to this problem34–36,56,58

differs from any standard Eliashberg formulation.63 In the
boson-fermion model scenario, superconductivity comes
about via a center-of-mass motion of dynamically fluctuating
pairs. This is clearly demonstrated by: �i� the early muon-
spin-resonance experiments of Uemura et al.,68 showing a Tc
varying with the concentration of superfluid carriers np; and
�ii� a Tc�2�� /a��np�0

��, which decreases with increasing
softening of the bond-stretch mode frequency69 �0−�0

�,
where �0

� determines the inverse mass of these itinerant dia-
magnetic pair fluctuations. This experimental result69 relates
the doping dependence of Tc to the local lattice properties,
characterized by a softened local mode resulting from dy-
namical local lattice instability for particular dopings in the
superconducting regime.

This tempts us to make the following conjecture for our
resonating pair scenario, applied to the superconducting cu-
prates: Each doping level in these superconducting com-
pounds corresponds to the thermodynamically most unstable
single-phase composition in the synthesis. Once stabilized in
their solid phase at low temperature, the kinetic stability of
those metastable phases is determined by our conditions for
resonant pairing. This fixes, for any given bare local mode
with frequency �0 �relatively insensitive to doping�, a critical
charge-ligand deformation coupling �c, which will depend
on doping and consequently on the degree of softening of
this mode.

Resonant pair tunneling poses rather stringent and experi-
mentally verifiable conditions on the local physics, as dis-

cussed here. They are primarily related to features linked to
dynamical lattice instability driven by charge fluctuations,
such as: �i� the strong softening of a local phonon mode
describing the correlated charge-ligand deformation fluctua-
tions �with a frequency �0

� well below the bare local phonon
frequency �0�; �ii� a quasielastic peak in the neutron-
scattering cross section indicative of the dynamical nature of
a local lattice instability; �iii� a double-peaked pair distribu-
tion function, accessible to neutron-scattering spectroscopy
and EXAFS; �iv� locally fluctuating diamagnetism; and �v� a
characteristic structure of the electron spectral function,
which shows polaronic peaks at large frequencies on either
side of the center of the pseudogap and a strongly peaked
DOS near this center, coming from the local diamagnetic
pair correlations.

The natural next step of the present analysis will have to
incorporate these local dynamical features in a large scale
system. Here the question arises of the structure of the su-
perconducting state, which will have to involve the phase
coherence not only of the charge but also of the lattice insta-
bilities driving the charge pairing. This implies cooperative
effects acting between such dynamically fluctuating local
clusters, which we expect to result in fluctuating topological
structures of the lattice, where insulating correlations com-
pete with superconducting ones.

A field theoretical formulation of the boson-fermion
model,36 not taking explicitly into account the lattice degrees
of freedom, has some similarity with the picture of a coarse-
grained superconducting state of spatially randomly distrib-
uted bosonic modes.70 However, the main difference be-
tween this approach and the one based on the boson-fermion
model is that in the latter the local inhomogeneities can fluc-
tuate like in Josephson junction arrays with intergrain tunnel-
ing.

Treating the cuprates within this scenario will require as a
next step a microscopic treatment of the ligand environment.
This means: �i� explicitly taking into account the different
formal valence states of the Cu-ligand complex; �ii� incorpo-
rating the strong Hubbard U correlations in our present
scheme, resulting in local Zhang-Rice singlets; and �iii�
studying the dynamical charge exchange between such
cation-ligand complexes and the surrounding metallic matrix
beyond the single cluster model �discussed here� and beyond
any adiabatic approximation.71 These and other related ques-
tions will be dealt with in some future work.
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