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The bipolaronic scenario for highTc superconductivity is critically examined. The underlying
assumption that at low temperatures all the charge carriers exist in the form of itinerant bipolarons
is shown to be incompatible on theoretical and experimental grounds. Superfluidity of such bipolaron
cannot give the values ofTc nor explain the fermionic nature of the quasiparticles observed in the
cuprates. [S0031-9007(98)06566-1]

PACS numbers: 74.20.Mn, 71.38.+ i
ns

nd
he
ical

ri-
ap-

n

e?
re
rd
ch
ns
ch

ar-
-
ty

g
si-
Electron-phonon interactions in solids show up in a var
ety of ways: from relatively small mass renormalization o
the carriers in metals due to inherently weak screened int
action to almost localized quasiparticles in ionic solids an
oxides—known as small polarons—as a result of eno
mous mass enhancement in case of strong unscreened
teraction. Although the literature [1] on polarons is vas
and sometimes confusing, one calls a polaron a small p
laron when it results from strong interaction with acoust
or local phonons (with a concomitant lattice distortion, lo
calized within the unit cell). In order to explain some of th
properties of amorphous chalcogenide glasses Anders
[2] in 1975 introduced the idea of on-site small bipolaron
i.e., two electrons localized on the same lattice site due
intense local lattice distortion, ultimately behaving as s
called negativeU centers. This idea was soon extended
intersite [3]—so-called Heitler London bipolarons which
were invoked successfully to explain a host of properties
transition oxide bronzes and the insulator-metal transitio
in Ti42xVxO7, intensively studied in Grenoble in the late
1970s [4]. About the same period one of the authors [
pointed out that in a many electron system the ground st
should continuously evolve as a function of the electro
phonon coupling constant from a BCS like superconduc
ing to an ultimately insulating ground state as the Coop
pairs localize in the form of heavy massive bipolarons. A
though the discovery of highTc superconductivity [6] may
owe something to these ideas, there was never any ques
of evoking a Bose-Enstein condensation (BEC) of bipo
larons as relevant to its explanation in any of those pape
The idea published in 1981 [7] suggesting that small bip
larons may be considered as itinerant hard core bosons o
lattice which can become superfluid had lately been tak
very literally by certain authors [8], suggesting it to be th
reason for highTc superconductivity. We shall show in
the following that extending the bipolaron theory for su
perconductivity to highTc materials is fallacious, that it
is incompatible with experiments, and that bipolaron co
densation—within the original scheme of such a theory o
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bipolaronic superconductivity [7]—is impossible to occur
in those materials.

The low carrier concentration (,1021 cm23) together
with the small coherence length (of the order of a few te
of angstroms) in highTc compounds is, at a first view, in-
deed tempting to consider a scenario where tightly bou
electron pairs exist in the normal state and which, as t
temperature is lowered, condense at a temperature typ
for BEC. We examine in the following the feasibility of
such a scenario in the context of the present day expe
mental results and our theoretical understanding. Our
proach will concern the following questions.

(i) Is a BEC of electron pairs at least in principle
conceivable in a crystalline solid?

(ii) If so, could the possible origin for those electro
pairs be of bipolaronic nature?

(iii) Is the picture of bipolaronic superconductivity
compatible with our present day experimental knowledg

Let us assume to begin with that systems exist whe
tightly bound electron pairs have the properties of ha
core Bosons and can move on a lattice in an itinerant Blo
wavelike way. As long as their density is low, such boso
can in principle condense at the BEC temperature whi
for an isotropic 3D system is given by

kBT3D
BEC . 3.31h̄2n

2y3
B ymB . (1)

nB denotes the concentration (total number of bosonic c
riers per cm3) andmB the effective mass of such hypotheti
cal bosons. As an indication, for a typical hole densi
of 6 3 1021 cm23 —corresponding to a pair densitynB at
half this number—and for a temperatureTc of say100 K,
mB comes out to be60 times the free electron massme.
Taking into account the layered structure (CuO2 planes)
of high Tc materials, a more appropriate way of definin
a transition temperature is the BEC temperature for qua
2D systems, given by

kBT2D1´
BEC ­

2p h̄2nab
B

mab
B lnf2kBT 2D1´

BEC mc
Bd2yh̄2g

. (2)
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B andmc

B denote, respectively, the mass of the boson
in the ab plane and orthogonal to that plane in thec di-
rection, andnab

B ­ nBd is the concentration of bosons in
theab plane. The lattice constant in thec direction is de-
noted byd. As an example let us consider the case o
the most studied highTc material, i.e., YBa2Cu3O61x for
which the lattice parameters are given bya ­ b ­ 3.8 Å
andd ­ 11.6 Å. Let us take the density of bosonsnB ­
n01021 cm23 with n0 being some number varying between
0.3 and4, the latter being rather on the high side (the opt
mum doped YB2Cu3O6.97 has ann0 of about3). The ad-
joining Table I shows the typical values obtained formab

B

for aTc of 100 K and two mass ratiosmc
Bymab

B ­ 100 and
mc

Bymabp
B ­ 25. The evaluatedmab

B is now about35me

for n0 ­ 3 and hence smaller than its valuemB calculated
on the basis of an isotropic 3D scenario. Applying suc
arguments to a wide class of highTc compounds one in-
variably findsmab

B between a few tensme to 100me [9].
The first problem we run into with this picture arises

when we estimate the hypothetical boson mass direc
from the experiments of the London penetration dep
which for magnetic fields in the direction orthogonal to
the CuO2 layers is given by

lab ­ smabc2y4pnse2d1y2, (3)

wheree denotes the electron charge,ns is the superfluid
fraction of the charge carriers, andmab is their mass. For
a condensed single particle carrier density corresponding
optimum doped YBCO, i.e.,ns ­ 2n0 3 1021 with n0 ­
3 and a measured value forlab of the order of1600 Å [10],
we find a single particle carrier massmab of approximately
5me which gives a minimum boson massmab

B ­ 10me.
This is less than one-third of the mass determined via t
BEC temperature using the quasi-2D BEC formula for th
transition temperature given above. For a not perfect
clean superconductor or one with considerable quantu
fluctuations [11] the superfluid density is less than the ba
hole density andmab

B estimated from the same penetratio
depth will become even smaller.

These considerations of the BEC scenario clearly ind
cate the constraints imposed on the density and the m
of those hypothetical bosonic charge carriers. Can the
constraints be respected (i) if these bosonic charge ca
ers are bipolarons as the advocates [8] of bipolaron theo
for high Tc superconductivity pretend, and (ii) in a more
general sense and independent on any particular mec

TABLE I. The effective boson massesmab
B , mabp

B (in units of
the free electron mass) as evaluated from the formulas for BE
for a quasi-2D [Eq. (2)] system with a mass ratiomcymab

B ­
100 and mcymabp

B ­ 25, respectively, andmB obtained for a
3D [Eq. (1)] system.

n0 0.3 0.5 0.8 1.0 2.0 3.0 4.0

mab
B 4 6 9 11 20 29 37

mabp
B 5 8 12 14 25 35 44

mB 13 18 25 30 46 60 73
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nism for electron pairing, can such a BEC scenario be co
patible with the present day experimental results on hi
Tc materials? As we shall see below the answer to both
these questions isno.

Let us tackle the first question and, assuming that t
charge carriers are small bipolarons (to be distinguish
from large bipolarons [12]), let us estimate their mass. W
shall examine this question on the basis of the famili
Holstein molecular crystal model [1] which is considere
to adequately describe the local electron lattice interactio
The Hamiltonian for this model is given by

H ­ szt 2 md
X
is

nis 2 t
X

ifij,s

scy
iscjs 1 c

y
jscisd

1 U
X

i

ni"ni# 2 g
X
i,s

nissai 1 a
y
i d

1
X

i

h̄v0say
i ai 1 1y2d , (4)

wherec
y
js denotes the creation operators for tight bindin

electrons with hopping integralt and a chemical poten-
tial m. The electron-phonon interaction with strengthg is
taken to be local, in view of the interaction with primarily
local modes which favors small polaron formation.U de-
notes some effective Coulomb repulsion. The sitesi, j are
generally understood as effective sites comprising cert
cations together with their respective ligand evironmen
and henceU corresponds to intersite rather than on-si
Coulomb repulsion. Transforming the above Hamilton
ian into a picture of small polarons described by th
polaron creation operatorsecy

i ­ c
y
i e2sgy h̄v0d sai2ay

i d one
obtains, following the standard procedure [13], an effe
tive Hamiltonian given by that of Eq. (1) upon replacin
zt ! zt 2 ´p , U ! U 2 2´p , and t ! tp ­ te2a2

de-
noting the polaron hopping integral. In order for sma
polarons to form, two conditions must be satisfied. Th
first one is that the gain in energy by self-trapping of th
charge carriers (given by the polaron level shift´p ­
g2yh̄v0) must be bigger than the gain in energy of th
charge carrier becoming itinerant (given by half the ba
bandwidthD ­ zt, z denoting the coordination number)
This requires the dimensionless coupling constant:l ;
´pyD ; g2yDh̄v0 $ 1. The second condition is that
the deformationa ­ k 1

2 sai 1 a
y
i dl induced by the charge

carriers remains fairly local:a ­ gyh̄v0 ­
p

´pyh̄v0 $

1. These conditions apply when the Coulomb interactio
is strong enough to prevent the formation of bipolaron
If this is not the case, then the conditions for bipolaro
formation apply which, following similar arguments a
above, lead to2l 2 Uy2 $ 1 and2a $ 1.

Let us now check to what extent bipolarons can satis
the experimental and theoretical constraints necessary
act as itinerant bosons in order to ultimately describe hi
Tc superconductivity as a BEC of bipolarons. HighTc

compounds are known to be narrow band systems w
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strong Hubbard type correlations, having a bandwid
corresponding to a bare effective hopping integral of th
order oft . 0.1 eV [14]. This value has to be compare
with the frequency of the local phonon modes which ha
typical frequencies of the order ofh̄v0 . 0.05 eV. Hence
the adiabaticity parameterg ­ v0yD . 0.1 is small in
typical highTc materials, and we are closer to the adiaba
than to the antiadiabatic limit. Since the most favorab
condition for bipolaron formation occurs forU ­ 0, this
implies 2´pyD $ 1 or 2a2g $ 1. For a g ­ 0.1 we
thus finda . 2.23. We therefore expect in the regime o
adiabaticity parametersg which apply to highTc materials
large values ofa in order for bipolaron formation to occur.

Within the framework of the bipolaron theory for high
Tc superconductors [8]a can also be estimated from the
pseudogap in the normal state of these materials [se
by angle-resolved photoemission spectroscopy (ARPE
if it is assumed that the pseudogap indicates the bind
energy of bipolarons. Along such an argumentation o
obtains2´p 2 Uy2 2 D . 0.01 to 0.03 eV. Again as-
sumingU ­ 0 we geta . 2.23 which leads to a bipo-
laron hopping integraltpp ­ tsty2´pde22a2 . 1025t or
an effective mass for bipolarons equal to2.3 3 105me.
This would give a BEC transition temperature of abo
1.3 3 1022 K which is too small to explain highTc super-
conductivity. Hiramoto and Toyozawa [15] have consid
ered in detail the complete phase diagram of large polaro
bipolarons, and small polarons in the parameter space
l andg, using the Feynman path integral method. The
results for an adiabaticity ratiog ­ 0.1 gives a bipolar-
onic massmab

B . s16y3d´pygh̄v0 approximately equal to
210me which is smaller than the numbers we just est
mated for the complete antiadiabtic casesg ­ `d but still
quite large and cannot lead to values forTBEC much bigger
than10 K.

Even if we consider a bipolaron hopping integra
s1y4dte2a2

which avoids breaking up the bipolarons a
they move along—as proposed by the advocates [1
of bipolaron scenario for highTc superconductivity—we
would still find bipolaron masses of the order of roughl
580me. This can account for BEC transition temperature
of about 5 K but not more. In conclusion, we will be
very hard pressed to come up with a bipolaron mass
the order of10me even in the quasiadiabatic limit, as we
just saw, or a polaron mass of5me —a magic number that
the authors of the bipolaronic superconductivity cherish
when we have an electron-phonon coupling constanta of
the order of2.

This analysis rules out that bipolarons and their conde
sation are the explanation for highTc superconductivity.

Let us now come to the next question: Is a BEC o
tightly bound electron pairs, of whatever origin this bind
ing might be, compatible with the present day experime
tal findings?

First of all we should remember that a BEC of tightl
bound electron pairs assumes that the interparticle dista
between such bosonic quasiparticles should be greater t
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the coherence volume. Is this condition satisfied in highTc

superconductors? A precise estimation of both the numb
of carriers in the plane as well as of the coherence leng
jab are not easy to obtain. The empirical relationship o
Tokura et al. [17] seems to hold well for the number of
holes in the plane of YBa2Cu3Oy with a hole concentration
per copper given bynh ­ s y 2 6.5dy2. This would
indicate for YBa2Cu3O7 a hole concentration on the plane
of nh ­ 1.56 3 1014 cm22 (this is a lower estimate as the
chain contributions here are neglected [18]). Taking ajab

as low as20 Å we obtain a boson density in the plane
nab ­ 1

2 nhj
2
ab . 3 bosons in the coherence cell on theab

plane. Using the estimate ofjab of Alexandrov and Mott
[19] will bring down the number of bosons, and the issu
cannot be settled to everybody’s satisfaction. Howeve
an independent check exists. As BCS theory [20] pointe
out long ago,kFj gives the number of carriers in a
coherence volume or area. The universal relationship f
all superconductors obtained by Pistolesi and Strinati [2
shows that for all highTc and novel superconductors this
number is2p, that is, on average there are6 10 carriers
in that coherence cell on the plane [n2d ­ 1

8 skFjd2], and
thus corroborates precisely our estimate of the number
bosons in a typical coherence cell. The pure bosonic lim
of kFj of the order of1yp is never reached in any of
these materials. Under these circumstances we are at
limit where the internal degrees of those bosons can
considered as being frozen out. The electrons maki
up those bosons will overlap, and as a consequence
picture of bosonic quasiparticles will break down. As
matter of fact, for the kind of concentrations in the plan
that we have, the Fermi exclusion principle will drive the
two-particle bound state energy rapidly to zero, as is we
known [22].

The carrier mass in the normal statemp can be extracted
from a variety of experiments. When ARPES experimen
are fitted with a tight binding picture the nearest neighbo
hopping integral [14] turns out to be about0.15 eV which
yields a mass for the electronic charge carriers of abo
mp ­ h̄2y2ta2 . 1.2me or a boson mass of2.4me. These
are mass values well documented in the literature [23] a
also compare well with similar values of the order of one o
two me, obtained from the optical experiments compatibl
with a plasma frequency of the order of2 3 eV in the
normal state [24]. These values for the masses are clea
incompatible with the ones derived above on the basis
the hypothetical BEC scenario which assumes well defin
bosonic quasiparticles even in the normal state.

The existence of a Fermi surface in the highTc materi-
als has now been established experimentally beyond do
[25]. Bipolarons being bosons do not have a Fermi su
face. Theories of BEC invoking bipolarons take the poin
of view that the pseudogap observed in ARPES in ce
tain parts of the Brillouin zone indicates the energy need
to break up the bipolarons into individual polarons o
electrons. This interpretation is in complete contradictio
with experiments. One should remember that the ARPE
435
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experiments give a dispersion of the quasiparticles whi
strongly depends on thek vectors of the quasiparticles and
furthermore, when integrating the spectral weight over fr
quency, yield essentially the Fermi distribution functio
showing a clear steplike feature at the Fermi wave ve
tor. If, on the contrary, the quasiparticles were tightl
bound electron pairs which get broken up into individ
ual electrons by the scattering process in photoemiss
experiments, one should expect essentiallyk independent
spectral functions showing ak independent gap equal to
the binding energy of the pair—resulting from the inhe
ently localized nature of such electrons making up th
bosonic electron pairs that have been split off the electr
continuum. The Myake-Randeria relationship [26] allow
us to estimate the vacuum binding energy of the tw
particles-wave bound statéb from the known experimen-
tal value of the superconducting gap in two dimensions.
is given by

D ­
p

2´F´b , (5)
where´F is the Fermi energy. We can also writéb .
h̄2y2mab

B j
2
ab with D . 30 meV and́ F . 0.5 eV, and we

obtain ań b . 1023 eV. This gives for anjab . 20 Å,
mab

B . 10me, but then this shallow bound state will
rapidly disappear around10 K.

One can, of course, imagine alternative scenarios w
bipolarons and single carriers coexisting in a two-ban
model where the bosonic quasiparticles reside as reson
states inside the Fermi sea and thus lead to Coop
pairing and a concomitant condensation of the bip
larons [27]. But this has nothing to do with bipolaronic
superconductivity.

We have in this communication taken considerable ca
to show once and for all the unsatisfiable experimental co
straints and theoretical inconsistencies of the bipolaron
superconductivity scenario in the high-Tc materials. Al-
though a BEC of tightly bound electron pairs is in principl
conceivable, the experimental constraints of highTc mate-
rials are such that this scenario is not realized. As conce
the question whether bipolarons could possibly play th
role for such bosonic quasiparticles and their condensati
we find that such a possibility is ruled out. The tragedy o
beautiful theories, Aldous Huxley once remarked, is th
they are often destroyed by ugly facts. One perhaps c
add that the comedy of not so beautiful theories is th
they cannot even be destroyed; like figures in a carto
they continue to enjoy the most charming existence un
the celluloid runs out.
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