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Bose-Einstein condensation model for high-temperature superconductivity
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I propose that a dopant charge singlet bonding state may arise from the hybridization of molecular orbitals
in a cluster containing 13 Cu atoms in the CuO2 plane of the superconducting cuprates. This singlet state forms
a preformed pair with low binding energy that is spatially bounded and weakly interacting, and that can
undergo Bose-Einstein condensation. I show that this model is able to account, in a quantitative and natural
way, for many of the thermodynamic and electronic characteristics of the superconducting cuprates, including
many of the key experimental angle-resolved photoemission spectroscopy, muon spin-relaxation, and micro-
wave results on the temperature and doping dependencies of both the superfluid density and the pairing
strengths~superconducting gap, leading-edge midpoint, and pseudogap! in these high-temperature supercon-
ductors.
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I. THE „Cu…13 CLUSTER AND THE SINGLET STATE

Since the discovery of high-temperature cuprate sup
conductors by Bednorz and Muller in 1986,1 there has been a
great deal of experimental and theoretical work to expl
and explain the phenomenon of high-temperature super
ductivity. The wealth of experimental data obtained over
past 16 years has provided a comprehensive catalog o
properties of this new class of superconductors. It has, h
ever, been particularly challenging to develop a theory
high-temperature superconductivity that can account for
of the various experimental observations, although many
proaches have been tried. In spite of considerable progre
complete understanding of high-temperature supercondu
ity still remains elusive.

Superconductivity in the cuprates is intimately related
the presence of dopant charge~electrons or holes! in the
CuO2 planes or layers. A Cu atom in a CuO2 plane is co-
valently bonded to four O atoms in the plane, and the high
filled molecular orbital of this (CuO4)26 cluster is the anti-
bonding sx22y2* 5dx22y2 7psx6psy orbital. In the un-
doped tetragonal cuprates, the crystal field and strong on
Coulomb correlation splits the half filledsx22y2* band into an
empty Hubbard conduction band primarily of Cu 3d charac-
ter and a filled valence band primarily of O 2p character
separated by a charge-transfer gap of 1–2 eV. In Fig. 1,
depict a central Cu atom,A, covalently bonded through O
atoms to its four nearest Cu neighbors,B1 , B2 , B3 , andB4
all at a distancea, the lattice constant in the plane. We al
show the second-nearest Cu neighbors,C1 , C2 , C3 , andC4

that are all at a distanceA2a. We note that the phases o
symmetries of thesx22y2* molecular orbitals at theB sites are
all the same but opposite to that at siteA, while theC site
orbitals have the same symmetry as siteA. In Fig. 2, we
expand on the number of Cu sites displayed but rather t
draw all of the antibonding orbitals we simply indicate t
symmetry of the orbitals at various Cu sites with a~1! or
~2!.

There have been a number of molecular-orbital and ba
structure treatments of dopant charges in the CuO2 planar
0163-1829/2003/67~18!/184514~11!/$20.00 67 1845
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structure. These include the single-band Hubbard mo
where only charges in the Cud orbitals are considered,2 and
the two-bandt-J models that include the O 2p orbitals as
well.3–5 The models that appear to best agree with ang
resolved photoemission spectroscopy~ARPES! data are
t-t8-t9-J models where long-range charge hopping, up
third-nearest neighbors, for Cu-O and O-O are considere6,7

We propose a similart-t8-t9-J treatment where we conside
direct long-range Cu-Cu hopping between Cu atoms. In
termining the site-hopping matrix elementt for charge hop-
ping between a central Cu site~A! and nearest-neighbor~B!,
next-nearest neighbor~C!, and third-nearest neighbor~D! Cu
sites, we assume that distance, orbital orientation, and or
symmetry all play important roles. Thus we see from Fig
that A-B interactions have favorable distancea, favorable
orbital orientation, but unfavorable symmetry;A-C interac-
tions have less favorable distanceA2a, highly unfavorable
orbital orientation~the sites being on a diagonal while th
orbitals are aligned alongx andy!, but favorable symmetry;
while the third-nearest neighborA-D interactions have unfa
vorable distance 2a, but favorable orientation, and favorab
symmetry. Interactions with Cu sites beyond the third-nea
D neighbors are all much reduced because of unfavora
orientation and symmetry as well as increasing distan
Combining the effects of distance, orbital orientation, a
symmetry it is reasonable to assume thatA-B, A-C, andA-D
exchange integrals are all comparable but considera
greater than exchange integrals beyond theD neighbors.
Thus the primary dopant charge interaction cluster cons
of the central Cu,A, the four nearest CuB neighbors, the
four second-nearest CuC neighbors, and the four third
nearest CuD neighbors. This then constitutes a fundamen
interaction cluster of 13 Cu atoms and 26 O atoms, which
designate as the (Cu)13 cluster.

In this t-t8-t9-J model, dopant interactions between th
13 Cu sites in the (Cu)13 cluster can result in a hybridizatio
of the 13 dopant antibondingsx22y2* molecular orbitals into
13 dopant cluster orbitals, which can be considered to c
stitute a miniature impurity band located near the top of
undoped valence band forp doping and near the bottom o
©2003 The American Physical Society14-1
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A. ROSENCWAIG PHYSICAL REVIEW B67, 184514 ~2003!
FIG. 1. Schematic representation of the square-planar CuO2 layer showing a central Cu atomA, the fourB nearest neighbors, and the fou
C next-nearest neighbors, together with the in-between O atoms. The Cudx22y2 and O 2ps atomic orbitals making up the antibondin
sx22y2* molecular orbitals are shown, with the wave-function phase indicated.
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the undoped conduction band forn doping.8 By hybridizing
the sx22y2* orbitals, we include O 2p as well as Cu 3d or-
bitals in the charge hopping process. Antiferromagnetic
change interactions between the dopant charge and the
lence electron on the Cu sites will make singly occupied a
triplet cluster states more energetic than singlet states
cause of spin flipping as the charge moves from site to
within the cluster. The singlet states, which need not unde
spin flipping, are thus the lowest-energy states. These sin
states are formed from two dopant charges and thus are
Zhang-Rice singlets3 that are formed from one dopant char
with opposite spin to a local Cu spin. The complete ener
level diagram for the dopant cluster orbitals must of cou
be developed from a full molecular-orbital treatment. Ho
ever, we can, with no loss of generality, assume for simp
ity that the 13 singlet cluster orbitals are spaced evenly a
by an energyd, as depicted by thenn states in Fig. 3. The six
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lower states are bonding states, the center is a nonbon
state, and the upper six states are antibonding states
propose that the lowest-energy singlet (c0)2 state will have a
primarily dx22y2 symmetry since all the constituentsx22y2*
molecular orbitals have this symmetry component a
the psx and psy orbitals will average out. The symmetr
of the energy gapd will also be dx22y2. All six of the
bonding singlet states are spatially bounded and thus ha
fair amount of phase coherence. However, to qualify
bosonic quasiparticles for purposes of superconductivity
singlet state must retain its coherence during transport,
during the hopping process between clusters. We will assu
that only the ground (c0)2 singlet state retains enough pha
coherence during transport to qualify as a boso
quasiparticle, or preformed pair, that can participate
superconductivity.

This qualitative treatment to obtain a bonding singlet st
4-2
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BOSE-EINSTEIN CONDENSATION MODEL FOR HIGH- . . . PHYSICAL REVIEW B 67, 184514 ~2003!
differs from previous treatments in several respects. First,
interaction cluster is much larger, consisting of 13 Cu ato
and we assume direct Cu-Cu charge hopping up to th
nearest neighbors. Secondly, we propose that when the
trostatic potential from the dopant ions is included in t
crystal Hamiltonian, the (c0)2 singlet state will be spatially

FIG. 2. Schematic representation of a larger section of the C2

plane. The relative wave-function phases or symmetries of
sx22y2* orbitals for various Cu sites are indicated by~1! and ~2!.

FIG. 3. Hypothetical simplified energy-level diagram for the
dopant cluster orbitals formed from the hybridization of the
sx22y2* molecular orbitals in the (Cu)13 cluster. The lowest bonding
singlet orbital is designated by (c0)2 and its single-particle energ
is at 26d relative to the Fermi levelEF , which is at the center
nonbonding orbital of the normal statesnn . The superconducting
coherent quasiparticle statecs is located at212d.
18451
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bounded to dimensions comparable to the size of the (C13
cluster. Furthermore, the singlet state will interact on
weakly with other singlet states because the potential fr
the dopant ions will effectively screen the local (c0)2 charge
pair from the Coulomb repulsion of charge pairs from oth
clusters. The relatively weak interaction between the sing
charge pairs will consist of some residual Coulomb repuls
and a site-hopping interaction when the outer Cu atoms fr
two clusters are within a distancel apart wherea< l<2a.
For simplicity we will assume thatl'1.5a. This then puts
the interaction distance between two singlet (c0)2 states at
d54a1 l'5.5a. As we add more clusters and assemble
lattice, the singlet state is delocalized a little and its wa
function reaches a diameterd because of the site-hoppin
interactions between adjacent clusters. However, it still
mains spatially bounded and does not broaden out int
wide band.

The singlet (c0)2 state is a hole or electron pair and re
resents a charged bosonic quasiparticle, or preformed
with a diameter of'5.5a or '20 Å sincea in the cuprates is
typically '3.8–3.9Å. Because of the screening potential
the dopant ions, these charge pairs can move through
lattice as preformed pairs that are weakly interacting. In
dition, as we shall see later, these charge pairs have den
that are temperature dependent, and have low binding e
gies and thus are not hard-core bosons. These character
of the (c0)2 charge pairs may possibly account for the no
Fermi-liquid behavior of the normal state of the cuprates.
most importance, however, is that because of the spat
bound nature of the (c0)2 state and the weak interaction
between these bosonic quasiparticles, they can, under
right conditions, experience Bose-Einstein condensation
thus generate a superconducting state. This is not the
time that a Bose-Einstein condensation of preformed p
has been suggested as the underlying mechanism at wo
the high-temperature superconductors. Uemuraet al. have
proposed this mechanism to account for the celebrated r
tionship betweenTc and the muon spin-relaxation rate atT
→0.9,10 We return to the Uemura relationship later in th
paper.

II. BOSE-EINSTEIN CONDENSATION

The quasiparticles, represented by the (c0)2 singlet states,
are spatially bound weakly interacting bosons with an int
action distanced'5.5a. This situation lends itself to a Bose
Einstein condensation~BEC! condition.11 We will assume
that the three-dimensional BEC condition for a weakly int
acting system of bosons is applicable. Thus,

nbl352.612, ~1!

where nb is the boson density,l is the wavelength~as a
diameter! of the bosonic quasiparticle, and Eq.~1! simply
states that BEC occurs when the average distance betw
the bosons becomes somewhat less than the waveleng
interaction distance. In conventional BEC the boson den
is independent of temperatureT, while l is the thermal
wavelength and is dependent onT. Here, it is the opposite

e

4-3
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A. ROSENCWAIG PHYSICAL REVIEW B67, 184514 ~2003!
The wavelength is the interaction distanced and is essen-
tially independent ofT, but the boson density is depende
on T, since it depends on the occupation probability of t
singlet (c0)2 state. This is a major element of th
(Cu)13-BEC model. The boson densitynb is related to the
cluster densityNc by nb5Ncnbc , wherenbc is the number of
bosons per cluster. If we define the primitive tetragonal c
as having a volume (a3a3c) Å 3, wherea and c are the
tetragonal lattice constants of the primitive unit cell, a
since each primitive unit cell contains only one formula u
and only one Cu atom per CuO2 plane, then Nc
51/(13a2c). If q is the average dopant charge per Cu at
in a layer of the cluster, and if there aren CuO2 layers per
cluster, then the total charge in the cluster ism513nq. The
number of bosons in the cluster is thennbc
5 1

2 (13nq)P(d,T), whereP(d,T) is the probability that a
charge is in thec0 state at temperatureT andd is the energy
gap separating thec0 state from the next state.P(d,T) is
then given by

P~d,T!51/@11e2d/kT1e22d/kT1......1e212d/kT#. ~2!

Substitutingl55.5a, we then find for the basic conditio
for Bose-Einstein condensation in the cuprates

13qP~d,T!50.408~c/a!/n. ~3!

Since 13qP(d,T) represents the number of charges in thec0
state per CuO2 layer in a cluster, and since there is only o
c0 state per CuO2 layer in the cluster, a second condition

13qP~d,T!<2. ~4!

We have found that, in spite of the stringent BEC con
tions, all of the cuprates readily satisfy Eqs.~3! and ~4! for
all experimental values ofa, c, n, andq, and do so at very
reasonable values ofP(d,T). From Eq.~3! we can make the
following general comments. For a constantd, a decreasing
P(d,T) results in an increasingT5Tc . Thus, we expectTc
to increase with decreasing (c/a) and increasingn. In addi-
tion, Tc will increase with increasing charge per Cu,q. How-
ever this will not continue indefinitely, since as we discu
below,d is itself a decreasing function ofq.

In this (Cu)13-BEC model, the superconducting char
pair is simply the (c0)2 preformed pair condensed into th
superconducting state. The symmetry of the superconduc
state will thus be the same as that of the preformed (c0)2

state, i.e.,dx22y2. This is in agreement with experiment. Fu
thermore, since the interaction distance or wavelengthl of
the preformed pair is independent of temperature, the ex
~as a radius! of the wave function of the superconducting pa
at T50, and hence the correlation length atT50, j0 , is
simply5 1

2 l52.75a'10 Å, also in agreement with exper
ment. Therefore both the observed symmetry and the co
lation length of the superconducting pairs in the cupra
follow naturally from the (Cu)13-BEC model.

III. Tc vs q CURVES

At low values ofq, Eq. ~4! is always satisfied, and Eq.~3!
will give the threshold dopant charge concentration per
18451
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atom at which BEC and thus superconductivity can occur.
the threshold concentration, BEC occurs at very low te
peratures, and thusP(d,T)'1, for any d. In addition, as
long as the dopant charge is mobile, we can have two-h
clusters (m52) even for low average values ofq. This is
possible because when two one-hole clusters come withi
interaction distance of each other, there will be a preferen
formation of one two-hole cluster because of the low
energy of the singlet state. Since most cuprates h
mobile dopant charges at lowq, we find for the thres-
hold valueq050.408(c/a)/13n. The situation forn-doped
Nd22xCexCuO4 ~NCCO! is quite different in that the dopan
electron is not mobile at very lowq concentrations since
NCCO is an insulator untilq'0.14.12 Thus we expect only
one-electron clusters to form up toq5 1

13 ~0.077!. We thus
modify Eq. ~3! to take this into account and obtain fo
NCCO 2(q020.077)50.408 (c/a)/13n.

We list in Table I the calculated and experimental~mea-
sured or estimated! values of the threshold dopant valueq0
for several representative cuprates. Experimental value
q0 appear to exist only for La22xSrxCuO ~LSCO! ~Ref. 14!
and YBa2Cu3O72y ~Y123!,15 the others being estimates o
'0.05.15 We find excellent agreement between theory a
experiment for LSCO and Y123, and good to excelle
agreement with the estimatedq0’s for the other cuprates
There is no experimental value or estimate of theq0 for
NCCO since this compound becomes an abrupt super
ductor at the insulator-metal transition atq'0.14. The theo-
retical value of 0.10 represents the effective threshold va
We note that the calculated threshold levelsq0 are deter-
mined solely by readily measurable quantitiesa, c, and n,
and are totally independent of the variabled.

To obtain the full dependence of the transition tempe
ture Tc on dopant charge per in-plane Cu,q, we need to

TABLE I. Threshold doping for various cuprates. The latti
constantsa andc are for the primitive unit cell, which contains onl
one formula unit and one Cu atom per layer, withn CuO2 layers in
the cell. The experimental threshold doping concentratio
q0(exp), are from Refs. 14 and 15, and the theoretical thresh
doping concentrations,q0~th!, are calculated from the (Cu)13-BEC
model.

Cuprate a ~Å! c ~Å! n q0(exp) q0(th)

La22xSrxCuO4

~LSCO!
3.78 6.60 1 0.056 0.055

Nd22xCexCuO4

~NCCO!
3.94 6.05 1 '0.10

YBa2Cu3O72y

~Y123!
3.85 11.65 2 0.05 0.047

Bi2Sr2CaCu2O82y

~Bi2212!
3.9 15.4 2 '0.05 0.062

Bi2Sr2Ca2Cu3O102y

~Bi2223!
3.9 18.6 3 '0.05 0.050

HgBa2CaCu2O72y

~Hg1212!
3.9 12.7 2 '0.05 0.051

HgBa2Ca2Cu3O92y

~Hg1223!
3.9 15.9 3 '0.05 0.043
4-4
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TABLE II. Experimental and theoretical parameters for various cuprates. The maximumTc
m is at the

optimal dopingqm . The theoreticalTc
m , qm , and energy gapdm are derived from the (Cu)13-BEC model.

The experimental values forDm(exp) are from Ref. 25 and the estimated values are derived from Ref. 25
theoreticalDm(th)512dm .

Cuprate Tc
m(exp)
~K!

Tc
m(th)
~K!

qm(exp) qm(th) dm

~meV!
Dm(exp)
~meV!

Dm(th)512dm

~meV!

LSCO 36 36 '0.15 0.154 1.35 '20 ~estimated! 16.2
NCCO 22 22 0.14–0.15 '0.14 0.80 '12 ~estimated! 9.6
Y123 92 93 '0.16 '0.15 2.91 '42 34.9
Bi2212 95 96 '0.16 '0.15 4.22 '40 50.6
Bi2223 110 111 '0.16 '0.15 3.25 '45 39.0
Hg1212 127 128 '0.16 '0.15 4.39 '52 52.7
Hg1223 133 135 '0.16 '0.15 3.65 '54 ~estimated! 43.8
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obtain values for the energy gapd and its dependence onq.
First let us determine what the model and the physics of
problem say about this dependence. The energy gapd is
affected by local crystal fields and by the Coulomb repuls
of local charges, and since both the dopant ion concentra
~local fields! and the local charge are proportional toq, d
must itself be a function ofq. Due to strong electron corre
lations and strong on-site Coulomb repulsion in the Cu2
planes, it is reasonable to assume that the probability
forming a stable bound preformed pair in the (Cu)13 cluster
will decrease with increasingq. In the model this is equiva
lent to assuming thatd will decrease withq. It is also rea-
sonable to assume that, at some higher value ofq, the num-
ber of charges in the cluster is large enough that the str
Coulomb repulsion prevents the formation of stable bou
preformed pairs. This is equivalent in the model to sett
d→0 since then the cluster energy manifold will collap
and we will be left with only nonbonding states. Thus, wit
out resorting to any fitting procedure, the physics and
model tell us thatd must decrease withq and that, at some
upper value ofq, d→0. From an analysis of experimentalTc
vs q curves, we have found thatd appears to simply decreas
linearly with q throughout the superconducting dopant ran
Thus it is possible to calculated(q) from only two data
points on aTc vs q experimental curve.

For the cuprates,Tc decreases and the superconductiv
completely disappears in the overdoped region beyond w
the material then behaves as a normal metal. This behavi
readily explained by the (Cu)13-BEC model with the as-
sumption that, at some value ofq, d→0 because of strong
Coulomb repulsion. In the model, the disappearance of
perconductivity in the overdoped region occurs whend→0,
since at this point, all 13 cluster states become degene
and nonbonding with the result that there can be no bo
bosonic quasiparticles at any temperature. The system
therefore no longer support superconductivity. In additi
since there are no longer any preformed pairs, the sys
will now behave as a conventional Fermi-liquid metal. Th
we can clearly identify the point on theTc vs q curve in the
overdoped region whereTc→0 as the one whered→0 as
well. This then is a singular point on theTc vs q curve and
we will use it as one of the fitting points to determined(q).
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For the other point, we generally useq5 2
13 (m52), since at

this doping all of the clusters have exactly two charges.
We list in Table II the experimental and theoretical valu

for the maximumTc , Tc
m , the dopant chargeq at Tc

m , qm ,
and the calculated values of the energy gapd at Tc

m , dm , for
the representative cuprates. In Fig. 4 we show the theore
Tc vs q curves for both LSCO and NCCO together wi
experimental data.12–14We see very good agreement in bo
cases. Of particular interest is that in LSCO the change oTc
with q is very abrupt near the threshold doping level. Ho
ever, this behavior appears to be supported by recent
from Fujita et al.14 We find that the theoreticalqm for
LSCO is '0.15 ~' 2

13!, in agreement with the experimenta
value of 0.15. For NCCO, the theoretical curve, which pea
at '0.14, clearly shows why this material becomes abrup
superconducting at the insulator-metal transition. When
dopant charge becomes mobile atq'0.14, the system sud
denly finds itself with a boson density well in excess of t
threshold value needed for BEC, since that threshold den
is reached, according to the theory, atq50.10, and so the
system abruptly becomes superconducting with aTc appro-

FIG. 4. The transition temperatureTc vs the dopant charge pe
in-plane Cu q for La22xSrxCuO4 ~LSCO! and Nd22xCexCuO4

~NCCO!. The experimental data are from Refs. 12–14. Then-doped
cuprate NCCO undergoes an insulator-metal transition atq'0.14,
at which point it becomes abruptly superconducting.
4-5
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A. ROSENCWAIG PHYSICAL REVIEW B67, 184514 ~2003!
priate for the higher boson density, as indicated by the th
retical curve.

Most p-doped cuprates are assumed to have phase
grams, and thusTc vs q curves, similar to LSCO.15 Thus a
generic empirical relationship16 is generally assumed fo
most cuprates, withTc /Tc

m51282.6(q20.16)2. In Fig. 5
we show theTc vs q curve obtained for Bi2212 from the
(Cu)13-BEC model together with the curve derived from t
empirical expression. Although there is, in general, go
agreement between the two curves there are some intere
points of comparison. First, the theoretical curve has
thresholdq0 for Bi2212 of '0.06 whereas the empirica
curve puts it at 0.05. Secondly, while the empirical curve i
symmetric parabola, the theoretical curve is asymmetric,
ing faster in the underdoped region and falling at the sa
rate as the empirical curve in the overdoped region. As
LSCO, the increase inTc with q is especially abrupt near th
doping threshold level. Of particular interest is the fact th
the theoretical curve for Bi2212, and in fact for most c
prates, tends to peak atq'0.154~ 2

13!, which is quite close to
the empirical value of 0.16. This behavior is to be expec
from the (Cu)13-BEC model since aq of 2

13 represents the
situation in which all of the (Cu)13 clusters have exactly two
charges per CuO2 layer and thus one preformed pair and o
superconducting pair atT→0. Since there can be only on
preformed pair per layer in a cluster, this value ofq repre-
sents the maximum possible superfluid density or stiffnes
T→0. As q increases beyond2

13, there can be no furthe
increase in superfluid density atT→0, but there is a continu
ing decrease ind and thus in the superconducting pairin
strength. Thus whileTc can increase with increasingq below
q5 2

13 , it must begin to decrease forq. 2
13 . The general

observation that superconducting cuprates tend to have
shaped doping curves with maximum transition temperatu
in the region ofq50.15– 0.16 is thus a natural consequen
of the (Cu)13-BEC model.

An obvious concern is the sensitivity of the theoreticalTc
vs q curve to the specific fitting protocol used to establish

FIG. 5. The transition temperatureTc vs the dopant charge pe
in-plane Cuq for Bi2Sr2CaCu2O82y ~Bi2212!. The curve~solid
line! is derived from the empirical formulaTc /Tc

m51282.6(q
20.16)2 ~Ref. 16! with Tc

m595 K. The theoretical curve is indi
cated by a dashed line.
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d vs q curve and, in particular, whether the values of the k
parametersqm , dm , andTc

m are predetermined by our sele
tion of q5 2

13 as one of the two fitting points. Table III pre
sents a sensitivity analysis for both LSCO and Bi2212 us
four different fitting protocols for each material. For LSC
we have obtained thed vs q curve using for the two fitting
points (q1 ,q2), ~0.10, 0.26!, ~2/13, 0.26!, ~0.20, 0.26!, and
~0.10, 0.20!. For Bi2212 we have used as fitting points~0.10,
0.27!, ~2/13, 0.27!, ~0.20, 0.27!, and ~0.10, 0.20!. We see
from Table III thatqm is especially robust for both materials
varying by less that 2% for the different fitting protocol
thus verifying that theTc vs q curve is indeed bell shape
with a peak atqm' 2

13 . TheTc
m anddm are a bit more sensi

tive to the fitting protocol, although here again the variati
in Tc

m anddm is ,5% in LSCO and,6% in Bi2212. We can
thus conclude that the values ofqm , Tc

m , anddm recorded in
Table II are indeed quite robust and the apparent good fit
the data are not an artifact of thed vs q fitting process.

One of the key features of the superconducting cuprate
the fact that within a homologous series of cuprates, suc
the 1-Tl, 2-Tl, 2-Bi, and 1-Hg series of compounds,Tc

m tends
to increase with the numbern of CuO2 layers but then begins
to saturate, or in some cases decrease, with increasingn. This
behavior is readily explained by the (Cu)13-BEC model. The
lattice constantc in the primitive cell changes asn increases
within a given homologous series ascn5c11(n21)t,
wheret is the distance between adjacent CuO2 planes. Sub-
stituting this expression forc in Eq. ~3!, we have at optimal
doping

13qmP~dm ,Tc
m!50.408$@c11~n21!t#/a%/n. ~5!

We can see that the right-hand side of Eq.~5! will decrease
with increasingn. If both qm and dm remain constant, then
this decrease of the right-hand side will result in a decre
in P(dm ,Tc

m) and thus in an increase inTc
m . However asn

continues to increase, the decrease in the right-hand
saturates toward a constant value of 0.408(t/a), and thusTc

m

will saturate toward a constant value as well. If, however,qm

or dm decreases with increasingn, then Tc
m will reach a

maximum level and then begin to decrease asn continues to

TABLE III. A sensitivity analysis for the calculatedqm , Tc
m ,

and dm as a function of fitting points (q1 , q2) used to obtain the
linear d vs q curve.

LSCO
(q1 , q2) ~0.10, 0.26! ~ 2

13, 0.26! ~0.20, 0.26! ~0.10, 0.20!

qm 0.148 0.150 0.150 0.149
Tc

m ~K! 36 36 35.5 36
dm ~meV! 1.44 1.41 1.41 1.42

Bi2212
(q1 , q2) ~0.10, 0.27! ~ 2

13, 0.27! ~0.20, 0.27! ~0.10, 0.20!

qm 0.153 0.154 0.154 0.153
Tc

m ~K! 90 95 96 92
dm ~meV! 4.00 4.20 4.26 4.08
4-6
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increase. The dopant chargeqm , averaged over the layers
can decrease asn increases because the inner layers may
less charge than the outer layers and the averagedm can
decrease because of increased Coulomb repulsion or cor
tion effects in the (Cu)13 cluster as the number of layers
the cluster increases.

We have found that Eq.~5! correctly predicts theTc
m for

several high-n compounds. Using theqm anddm for LSCO
and NCCO we have calculated theTc

m for then5` versions
of these compounds (Sr12xCax)12yCuO2 ~Ref. 17! and
Sr12xNdxCuO2,18 as 96 and 45 K, respectively, in goo
agreement with the experimental values of 110 and 40
respectively. Similarly, for the 1-Tl homologous seriesa
53.9, cn59.71(n21)3.2 Å), using theqm anddm for the
n51 member of the series$Tc

m(n51)550 K%, we obtain
Tc

m586 (n52), 110 (n53), and 126 K (n54) while ex-
periment gives 80 (n52), 110 (n53), and 122 K (n54).19

The excellent agreement with experiment indicates tha
the 1-Tl seriesqm and dm do not change appreciably wit
increasingn. The agreement is not quite as good for the 2-
2-Bi, and 1-Hg series, indicating that in these compoun
qm and/ordm decrease with increasingn.

IV. SUPERFLUID DENSITY

The two principal ingredients of superconductivity are t
phase coherence and the pairing strength of the super
ducting charge pair. The phase coherence is related to
superfluid carrier densityns , and the pairing strength is re
lated to the superconducting energy gapD. We discuss the
implications of the (Cu)13-BEC model on the superfluid den
sity in this section and on the pairing strength in the n
section.

In the model, the superfluid density is directly propo
tional to the dopant chargeq. This is consistent with the
concept that the cuprates are doped Mott insulators. The
perfluid densityns is given byns513nqB(T/Tc)/(13a2c),
whereB(T/Tc) is a Bose condensation factor. Although t
cuprates are anisotropic with charge transport prima
within the CuO2 layers, we use the homogeneous Bose c
densation factor,B(T/Tc)5@12(T/Tc)

3/2#,11 since we do
have conductivity along thec axis in the normal state an
tunneling interactions between layers in the superconduc
state.

The superfluid density in the cuprates has been inve
gated by measurements of the penetration depthlp by mi-
crowave and muon spin-relaxation~mSR! techniques. In par-
ticular, the temperature dependence ofns(T)/ns(0) can be
obtained from these two methods by measurements
lp

2(0)/lp
2(T). For a given cuprate,ns varies as

13qB(T/Tc)5nsc , the number of carriers in the superco
ducting state in one layer of a (Cu)13 cluster. As long asq
< 2

13 , the underdoped and optimally doped regions, the te
perature dependence will be given byB(T/Tc). For q. 2

13 ,
the overdoped region, we need to keep in mind thatnsc must
be <2. In Fig. 6 we show data forlp

2(0)/lp
2(T), which is

proportional tons(T)/ns(0), obtained by microwave and
mSR measurements on optimally doped Y123 and Bi22
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samples,20–22 together with the Bose condensation fact
B(T/Tc). The agreement with the Bose condensation fac
is quite good up toT/Tc of '0.4. The variance at higherT
may be the result of the anisotropy of the cuprates, or
effects of fluctuations in the phase coherence that are par
larly large in the cuprates because of the small value of
coherence length. Although the reasonable fit
lp

2(0)/lp
2(T) to the Bose-Einstein condensation fact

B(T/Tc) does not in itself substantiate the speci
(Cu)13-BEC model herein proposed, it does provide so
support for the role of a Bose-Einstein mechanism in
cuprates.

The superconducting peak~SCP! seen in angle-resolved

FIG. 6. Variation of superfluid density fractionns(T)/ns(0)
with temperature. Experimental ratios of penetration dep
lp

2(0)/lp
2(T), which are proportional tons(T)/ns(0), for opti-

mally doped Y123 and Bi2212 from microwave andmSR measure-
ments are from Refs. 20–22. The Bose condensation fa
B(T/Tc)5@12(T/Tc)

3/2# is represented by a dashed line.

FIG. 7. The theoretical number of carriers in the supercondu
ing state per layer in the (Cu)13 cluster nsc at 14 K for Bi2212
~dashed line! vs the dopant charge per Cuq. The data is the relative
spectral weight of the superconducting peak~SCP! in the ARPES
spectrum at 14 K from Ref. 24. The data has been shifted
correspond to the appropriate modelq values for the different
sampleTc’ s.
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photoemission spectroscopy~ARPES! has been associate
with the superconducting density as well.23–25 In Fig. 7 we
show the relative change in the spectral weight of the S
feature, which is assumed to be proportional to the superfl
density, as a function ofq for Bi2212 samples at a tempera
ture of 14 K.24 We also plot the predicted change innsc

513qB(T/Tc), the number of superconducting carriers in
CuO2 layer of the (Cu)13 cluster. The theoretical curve in
creases rapidly from the thresholdq0 value of '0.06 and
then increases approximately linearly to the maximum va
of 2 at q'0.16. It then remains constant at 2 untilq'0.25,
after which it drops rapidly to zero atq'0.26, whereTc

drops below the experimental temperature of 14 K. Note t
the theoretical curve in Fig. 7 is from the (Cu)13-BEC model
and thus theq scale is related to the modelTc vs q curve.
The original ARPES data is presented with aq scale derived
from the Presland empirical formula.16

We can see from Fig. 5 that, for the same value ofTc ,
there is in general a shift of between 0.005 and 0.01 iq
between the model curve and the empirical curve, with
model q being lower than the empiricalq for q.0.07. The
ARPES data in Fig. 7 has therefore been shifted so a
place both theory and data on the same modelq scale. As
seen in Fig. 7, the agreement between theory and experim
is very good. A further test of the (Cu)13-BEC model would
be to study the drop innsc for q.0.25, which by our mode
represents overdoped Bi2212 withTc /Tc

m,0.33.
The (Cu)13-BEC model indicates that studies ofns(q) by

mSR or microwave measurements will be complicated by
presence of normal carriers atT50 in the overdoped region
For example, the muon spin-relaxation rates will decrease
when normal carriers are present,26 and thus the rate shoul
not simply vary withns(0) but rather with a weighted supe
fluid density,ns8(0), wherens8(0)5ns(0)$ns(0)/n(0)% with
n(0) being the total density of all carriers present atT50.
Keeping in mind thatns is proportional tonsc , we plot, in
Fig. 8~a!, nsc(0) andnsc8 (0), which are given by 13qB and
nsc(0)$13qB/13q%, respectively, for a generic cuprate with
thresholdq0 of '0.06. At T50 the two quantities are iden
tical linear functions ofq between 0.06 and 0.154~ 2

13!, the
underdoped and optimally doped regions. In the overdo
region q. 2

13 , nsc(0) remains constant at 2, whilensc8 (0)
decreases. This linear increase followed by a decrease in
overdoped region has been observed in themSR rate results
on Y123,25 indicating that themSR signal is indeed affecte
by the presence of the normal carriers. However, the pea
Y123 is observed at an empiricalq'0.19, which translates
to a modelq'0.184, still a fairly long way fromq50.154.
This, however, might be the result of thec-axis superconduc
tivity that is present in Y123. A good test would be a sy
tematicmSR vsq study on Bi2212.

Let us now examine the well-known Uemura relationsh
Uemura found that for a given cuprate there is a linear re
tionship betweenTc ands, and thus betweenTc andns /m*
(m* is the effective mass! in the underdoped region, fol
lowed by a saturation in the optimally doped region.9 In the
overdoped region there appears to be a restoration of
linear relationship, but nows decreases with increasin
18451
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doping.26 Sincem* does not appear to change with doping26

this decrease ins appears to be the result of an appare
decrease inns . In Fig. 8~b! we plot the ratio ofTc /nsc(0)
andTc /nsc8 (0) for the generic cuprate with aTc

m of 100 K.
We see thatTc /nsc(0) is fairly constant in much of the un
derdoped region, indicating a linear relationship betweenTc
and nsc and therefore betweenTc and ns /m* ~or s!. As q
approaches the optimally doped region, the ratioTc /nsc be-
gins to decrease, indicating a saturation. In the overdo
region, whileTc /nsc continues to decrease,Tc /nsc8 remains
fairly constant untilq'0.22. Since, as we discussed abov
the spin-relaxation rates should vary with the weighted su
perfluid densitynsc8 , rather thannsc , in the overdoped re-
gion, the linear relationship betweenTc ands is restored but
s now decreases with increasingq. These results appear t
be fully consistent with the findings of Uemura.

The (Cu)13-BEC model thus appears to account for t
major characteristics of the superfluid density in the cupra
In particular, it agrees with the temperature and doping
pendencies observed in microwave,mSR, and ARPES stud

FIG. 8. ~a! The theoretical number of carriers in the superco
ducting state per layer in the (Cu)13 cluster at 0 K,nsc(0), for a
generic cuprate~solid line! vs the dopant charge per Cu,q. The
weighted number of superconducting carriersnsc8 5nsc(0)
3$nsc(0)/n(0)%, wheren(0) represents the total number of carr
ers in the layer per cluster at 0 K, is designated by a dashed line~b!
The calculated ratioTc /nsc(0) ~solid line! andTc /nsc8 (0) ~dashed
line! for a generic cuprate with aTc

m5100 K. Regions of approxi-
mately constant ratio indicate regions where there is an approxim
linear relationship betweenTc andnsc or nsc8 and thus betweenTc

and themSR rates.
4-8
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BOSE-EINSTEIN CONDENSATION MODEL FOR HIGH- . . . PHYSICAL REVIEW B 67, 184514 ~2003!
ies. The experimental results, in turn, are consistent with
principle of a (Cu)13 cluster with one singlet superconduc
ing state, and thus a maximum of two superconducting
riers per layer, and with a temperature dependence tha
consistent with a Bose condensation factor. In addition,
model appears able to reproduce the UemuraTc vs s results
for the cuprates.

V. PAIRING STRENGTHS

A. Normal state

In BCS superconductivity there are no preformed pa
and the bosonic Cooper pairs do not exist forT.Tc . Instead
the formation of Cooper pairs and the condensation to
superconducting state occur simultaneously atT5Tc . In the
(Cu)13-BEC model we have bosonic preformed pairs atT
.Tc with a density that is a Boltzmann function of temper
ture in accordance with the occupation probability of t
(c0)2 ground state of the (Cu)13 cluster orbital energy mani
fold. The energy manifold, depicted in Fig. 3, has the Fe
level EF set at the center nonbonding orbital. The sing
particle energy of the (c0)2 singlet state is at26d. The other
nn normal states of the (Cu)13 manifold, c j ( j 51,2...12),
are separated by an energyd from each other, and thus are
energies2(6d2 j ). In the normal state, the number o
charges in statec0 per layer in a single (Cu)13 cluster is
given bync(c0)513qP(d,T) and the number in statec j by
nc(c j )5nc(c0)e2 j d/kT. An anomalous characteristic of th
normal state of the superconducting cuprates is the pres
of a pseudogap. Experimentally the pseudogap is define
the distance fromEF to the leading-edge midpoint~LEM! of
the ARPES spectrum whenT.Tc . Since the (c0)2 singlet
state is at energy26d relative to the Fermi energy, this the
represents a pseudogap atT.Tc in the density of states nea
EF . Since the various statesc j within the pseudogap ar
thermally populated, the pseudogap, as measured by
LEM, should decrease with increasingT, in agreement with
observation.

Since the (c0)2 singlet state atT.Tc is not a condensed
coherent state, the pairing strength of the preformed pa
simply the energyd required to promote one of the charg
in the (c0)2 state into the next higher-energy state. Thus
preformed pairs are weakly bonded pairs with a pairing
ergy in the 1–4-meV range and are not hard-core boson
is interesting to note that the pairing strengths of the norm
state preformed pairs in the cuprates are comparable to
pairing strengths of the superconducting Cooper pairs in
BCS superconductors. The (Cu)13-BEC model may thus pro
vide a basis for understanding the unusual normal prope
of the superconducting cuprates. In the normal state the
glet charge pairs exist as preformed pairs with wave fu
tions that extend'20 Å, and that are confined primarily t
the CuO2 planes. The pairs have low binding energies,
weakly interacting, and have a density that is tempera
dependent. The low binding energy of the charge pairs in
cates that the preformed pairs will fluctuate, i.e., read
break up and reform under phonon interactions. The unu
normal properties of the superconducting cuprates, includ
18451
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their non-Fermi-liquid behavior, may be the result of t
presence of these fluctuating preformed pairs. As discus
earlier, the theory further predicts that whend goes to zero in
the overdoped region, these preformed pairs will disapp
and the cuprates will then behave as more conventio
Fermi-liquid metals.

B. Superconducting state

We have assumed that only the singlet (c0)2 states form
bosonic pairs that can undergo Bose-Einstein condensa
into coherent pairs. Given that the correlation length is o
'2.75a, there is essentially only one coherent pair with
the correlation length, although there is some overlap
tween pairs. The superconducting pair thus acts as a si
coherent quasiparticlecs , located atE'212d, as shown in
Fig. 3 ~actually this energy might be somewhat less than 1d
because of electron correlation or Coulomb repulsion
fects!. It is this coherent quasiparticle that gives rise to t
superconducting peak~SCP! in the ARPES spectra, an
which, according to the model, will have a superconduct
gapD'12d. The LEM is derived from the spectral envelop
of all states near the Fermi edge. AtT50, this envelope is se
primarily by the SCP. At higher temperatures, the envelo
includes the normal states as well. The superconducting
D, the LEM, and the pseudogap all arise from a comm
origin, the preformed pair, and all;d. Therefore all three
will have the samedx22y2 symmetry, in agreement with
experiment.

Sinced is not a function ofT but is a linearly decreasing
function of q, we expect thatD will have the exact same
dependencies. This is indeed in agreement with ARPES
that show that the SCP energyD does not change withT but
does decrease linearly withq.24 We list in Table II the calcu-
lated values forD at optimal doping,Dm512dm , for the
representative cuprates along with measured or estim
values.25 The agreement is quite good. Besides providi
reasonable agreement on the absolute magnitudes,
(Cu)13-BEC model also accounts for the observed linear
crease in the superconducting gap, the leading-edge m
point, and the pseudogap with increased doping since
three pairing strengths~D, LEM, and pseudogap! are propor-
tional to d andd itself decreases linearly withq.

Experiments on the dependence of the pairing streng
on temperature indicate that the superconducting gapD and
the LEM depend onT differently in underdoped and opti
mally doped samples than in overdoped samples.27–30 In un-
derdoped and optimally doped samples,D is essentially in-
dependent ofT ~up to Tc), while the LEM decreases slowly
with T between 0 andTc and than more rapidly forT.Tc .
However, for these materials, the LEM does not approac
until T@Tc , thus leading to the presence of aT.Tc
pseudogap. In overdoped samples,D shows some small ap
parent decrease withT as T→Tc , and the LEM in these
samples decreases rapidly withT for T.0, reaching zero
near Tc . Thus overdoped samples do not exhibit aT.Tc
pseudogap.

To understand the temperature dependencies of the
ing strengths as predicted by the (Cu)13-BEC model we il-
4-9
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A. ROSENCWAIG PHYSICAL REVIEW B67, 184514 ~2003!
lustrate in Fig. 9 the predicted evolution of the electron
states with temperature. In Fig. 9~a! we consider an under
doped sample, while Fig. 9~b! deals with an overdoped
sample. In the underdoped sample atT/Tc50, all of the
spectral weight resides in the SCP and there are no no
carriers. At T/Tc50.75, the SCP has decreased and
lowest-lying normal states begin to be populated. ForT
.Tc , the SCP disappears but still only a few of the norm
states are populated because of the relatively large valu
d. Figure 9~a! shows that the superconducting gapD will be
independent ofT and exist up toTc . On the other hand, the
LEM will show some decrease withT between 0 andTc ,
and then a more rapid decrease forT.Tc . However, for the
underdoped sample it is clear that the LEM will not go
zero untilT@Tc . The value of the LEM forT.Tc defines
the pseudogap, and as we can see in Fig. 9~a!, underdoped
and optimally doped samples will exhibit aT.Tc pseudogap
which will decrease with increasing temperature.

Overdoped samples show somewhat different behavio
illustrated in Fig. 9~b!. First, sinced is considerably smalle
for overdoped samples,D is proportionately smaller as wel
Also, the spectral weight of the SCP is greater than in
underdoped sample sinceq is larger. In addition, there ar
now 13(q2 2

13 ) normal carriers per cluster layer present
the c0 state atT50. As T is increased, the normal state

FIG. 9. ~a! Illustrative depiction of the theoretical temperatu
evolution of the electronic states in an underdoped cuprate.
superconducting gapD is at 212d, the position of the supercon
ducting coherent quasiparticle peakcs . The leading-edge midpoin
~LEM! decreases withT as the normal states become therma
populated, but does not go to zero untilT@Tc , thus producing a
T.Tc pseudogap.~b! The same for an overdoped sample. T
overdoped sample has a bigger superconducting peak at212d, but
d is much smaller than for the underdoped sample. The LEM
creases much more rapidly and reaches zero atT'Tc , thus produc-
ing no T.Tc pseudogap.
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become populated at a faster rate than in the underdoped
because of the decreased value ofd and the presence o
normal carriers inc0 at T50. The closer proximity of thecs
andc0 states and the presence of a considerable numbe
normal carriers at low temperatures in the overdop
samples can lead to some apparent decrease in the mea
position of D as T→Tc . More importantly, the LEM de-
creases much more rapidly and reaches zero in this exam
near Tc . This accounts for the apparent absence of aT
.Tc pseudogap in overdoped samples.

While detailed comparisons to actual ARPES spectra w
require incorporation into the simulation of the valence el
tron background, the various linewidths, and other spec
features, such as the high-energy pseudogap feature
(Cu)13-BEC model appears to be consistent with the k
results related to the temperature dependence of the su
conducting peak, superconducting gap, leading-edge m
point and pseudogap obtained from ARPES spectra. It is
ticularly gratifying that the same magnitudes and dop
dependence of the preformed pair energyd that we find best
agree with the key thermodynamic property, theTc vs q
curve, also agree with the key electronic properties of
superconducting cuprates.

VI. CONCLUSIONS

Let us summarize the various characteristics of hig
temperature superconductors for which the (Cu)13-BEC
model is able to account. The model provides a basis
understanding the normal-state properties in these mate
through the presence of fluctuating preformed pairs. T
dominance of the CuO2 planes and thus the anisotropy of th
cuprates are fundamental aspects of the theory. The m
provides a superconducting pair with the right wave-funct
symmetrydx22y2 and the right correlation length'10 Å. It
accounts for the unusually highTc’s of the cuprates through
a BEC mechanism in systems that have relatively high
perfluid densities and pairing strengths. The model corre
predicts that the superconductivity threshold doping lev
should be at'0.05 charges per in-plane Cu. It reproduc
the bell-shapedTc doping curves for the cuprates and a
counts for them through the effects of an increasing and t
saturating superfluid density coupled with a decreasing p
ing strength. The model provides natural explanations
why the maximumTc’s for the superconducting cuprate
tend to occur near dopant concentrations of 0.15–0
charges per in-plane Cu, and why the superconductivity
appears, and a Fermi-liquid state emerges, in the overdo
region. It also explains why maximumTc’s first increase and
then saturate, or decrease, as the number of CuO2 planes in a
unit cell increases, and provides good agreement with d
for several high-n materials. It is also able to reproduce th
Uemura results on theTc dependence on themSR rate for the
cuprates. The model is able to account for the magnitu
and symmetries of the superconducting gaps, leading-e
midpoints, and the pseudogaps. Perhaps, most importa
the model is also able to account for many of the key exp
mental ARPES,mSR, and microwave results on the dopin
and temperature dependencies of both the superfluid de
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BOSE-EINSTEIN CONDENSATION MODEL FOR HIGH- . . . PHYSICAL REVIEW B 67, 184514 ~2003!
and the pairing strengths~superconducting gap, leading-edg
midpoint, and pseudogap! in the cuprates.

The (Cu)13-BEC model thus appears to be quite prom
ing, has a number of very attractive features, and is abl
account quantitatively for many of the thermodynamic a
electronic characteristics of the superconducting cupra
Although this model was specifically developed for the c
prates, the general concepts of this model can be extend
other materials, including nonlayered systems. It may w
be possible that other compounds can form hybridized p
formed pairs that are spatially bound, have relatively l

*Email address: allanrosencwaig@aol.com
1J. G. Bednorz and K. A. Muller, Z. Phys. B: Condens. Matter64,

189 ~1986!.
2P. W. Anderson, Science235, 1196~1987!.
3F. C. Zhang and T. M. Rice, Phys. Rev. B37, 3759~1988!.
4H. Eskes, G. A. Sawatzky, and L. F. Feiner, Physica C160, 424

~1989!.
5M. Hybertsen, E. B. Stechel, M. Schluter, and D. R. Jennins

Phys. Rev. B41, 11 068~1990!.
6V. I. Belinicher, A. L. Chernyshev, and V. A. Shubin, Phys. Rev.

54, 14 914~1996!.
7R. Eder, Y. Ohta, and G. A. Sawatsky, Phys. Rev. B55, R3414

~1997!.
8J. Fink, N. Rucker, H. Romberg, M. Alexander, P. Adelmann

Mante, R. Classen, T. Buslaps, S. Harm, R. Manzke, and
Skibowski, in Proceedings of the International Seminar o
High-Tc Superconductivity~Dubna, 1990!, p. 8.

9Y. J. Uemura, G. M. Luke, B. J. Sternlieb, J. H. Brewer, J.
Carolan, W. N. Hardy, R. Kadono, J. R. Kempton, R. F. Kiefl,
R. Kreitzman, P. Mulhern, T. M. Riseman, D. Ll. Williams, B
X. Yang, S. Uchida, H. Takagi, J. Gopalakrishnan, A. W. Sleig
M. A. Subramanian, C. L. Chien, M. Z. Cieplak, Gang Xiao,
Y. Lee, B. W. Statt, C. E. Stronach, W. J. Kossler, and X. H. Y
Phys. Rev. Lett.62, 2317~1989!.

10Y. J. Uemura, Physica C282–287, 194 ~1997!.
11K. Burnett, M. Edwards, and C. W. Clark, Phys. Today52 ~12!,

37 ~1999!, and references therein.
12H. Tagaki, S. Uchida, and Y. Tokura, Phys. Rev. Lett.62, 1197

~1989!.
13H. Tagaki, T. Ido, S. Ishibashi, M. Uota, S. Uchida, and Y. Toku

Phys. Rev. B40, 2254~1989!.
14M. Fujita, K. Yamada, H. Hiraka, P. M. Gehring, S. H. Lee,

Wakimoto, and G. Shirane, Phys. Rev. B65, 064505~2002!.
15J. L. Tallon, C. Bernhard, H. Shaked, R. L. Hitterman, and J.

Jorgensen, Phys. Rev. B51, 12 911~1995!.
16H. R. Presland, J. L. Tallon, R. G. Buckley, R. S. Liu, and N.

Flower, Physica C176, 95 ~1991!.
18451
-
to
d
s.
-
to

ll
e-

binding energies, and are weakly interacting and thus abl
undergo Bose-Einstein condensation. If the densities of th
preformed pairs is high enough and the pairing energies
too low, then these compounds may exhibit transition te
peratures comparable to or higher than the cuprates.

ACKNOWLEDGMENTS

I thank T. Geballe, R. Birgeneau, R. Laughlin, M. Bea
ley, and A. Kapitulnik for helpful discussions.

,

.
.

.

.

,

,

,

.

.

17M. Azuma, Z. Hiroi, M. Takano, Y. Bando, and Y. Takeda, Natu
~London! 356, 775 ~1992!.

18M. G. Smith, A. Manthiram, J. Zhou, J. B. Goodenough, and J
Markert, Nature~London! 351, 549 ~1991!.

19See, for example, G. Burns,High-Temperature Superconductivit
~Academic, New York, 1992!, p. 57.

20T. Jacobs, S. Sridhar, Q. Li, G. D. Gu, and N. Koshizuka, Ph
Rev. Lett.75, 4516~1995!.

21D. A. Bonn, S. Kamal, K. Zhang, R. Liang, D. J. Baar, E. Klei
and W. N. Hardy, Phys. Rev. B50, 4051~1994!.

22J. E. Sonier, J. H. Brewer, R. F. Kiefl, G. D. Morris, R. I. Mille
D. A. Bonn, J. Chakhalian, R. H. Heffner, W. N. Hardy, and
Liang, Phys. Rev. Lett.83, 4156~1999!.

23D. L. Feng, D. H. Lu, K. M. Shen, C. Kim, H. Eisaki, A. Dama
scelli, R. Yoshizaki, J. Shimoyama, K. Kishio, G. D. Gu, S. O
and A. Andrus, Science289, 277 ~2000!.

24H. Ding, J. R. Engelbrecht, Z. Wang, J. C. Campuzano, S
Wang, H.-B. Yang, R. Rogan, T. Takahashi, K. Kadowaki, a
D. G. Hinks, Phys. Rev. Lett.87, 227001~2001!.

25D. L. Feng, A. Damascelli, K. M. Shen, N. Motoyama, D. H. L
H. Eisaki, K. Shimizu, J.-i. Shimoyama, K. Kishio, N. Kanek
M. Greven, G. D. Gu, X. J. Zhou, C. Kim, F. Ronnig, N. P
Armitage, and Z.-X. Shen, Phys. Rev. Lett.88, 107001~2002!.

26Y. J. Uemura, A. Keren, L. P. Le, G. M. Luke, W. D. Wu, Y
Kubo, T. Manako, Y. Shimakawa, M. Subrumanian, J. L. Cob
and J. T. Markert, Nature~London! 364, 605 ~1993!.

27D. S. Marshall, D. S. Dessau, A. G. Loeser, C.-H. Park, A.
Matsuura, J. N. Eckstein, I. Bozovic, P. Fournier, A. Kapituln
W. E. Spicer, and Z.-X. Shen, Phys. Rev. Lett.76, 4841~1996!.

28P. J. White, Z.-X. Shen, C. Kim, J. M. Harris, A. G. Loeser,
Fournier, and A. Kapitulnik, Phys. Rev. B54, R15 669~1996!.

29H. Ding, T. Yokoya, J. C. Campuzano, T. Takahashi, M. Rande
M. R. Norman, T. Mochiku, R. Hadowaki, and J. Giapintzak
Nature~London! 382, 51 ~1996!.

30M. R. Norman, H. Ding, M. Randeria, J. C. Campuzano,
Yokoya, T. Takeuchi, T. Takahashi, T. Mochiku, K. Kadowaki,
Guptasarma, and D. G. Hinks, Nature~London! 392, 156
~1998!.
4-11


