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Theory for high-Tc superconductors considering inhomogeneous charge distribution

E. V. L. de Mello, E. S. Caixeiro, and J. L. Gonza´lez
Departamento de Fı´sica, Universidade Federal Fluminense, av. Litoraˆnia s/n, Niterói, R.J., 24210-340, Brazil

~Received 24 October 2001; revised manuscript received 21 October 2002; published 13 January 2003!

We propose a general theory for the dependence of the critical and pseudogap temperaturesTc andT* on the
doping concentration for high-Tc oxides, taking into account the charge inhomogeneities in the CuO2 planes.
Several recent experiments have revealed that the charge densityr in a given compound~mostly underdoped!
is intrinsic inhomogeneous with large spatial variations which leads to a local charge densityr(r ). These
differences in the local charge concentration yield insulator and metallic regions, either in an intrinsic granular
or in a stripe morphology. In the metallic region, the inhomogeneous charge density produces also spatial or
local distributions which form Cooper pairs at a local superconducting critical temperaturesTc(r ) and zero
temperature gapD0(r ). For a given compound, the measured onset of the vanishing gap temperature is
identified as the pseudogap temperature, that is,T* , which is the maximum of allTc(r ). BelowT* , due to the
distribution of Tc(r )’s, there are some superconducting regions surrounded by an insulator or a metallic
medium. The transition to a coherent superconducting state corresponds to the percolation threshold among the
superconducting regions with differentTc(r )’s. The charge inhomogeneities have been studied by recent
scanning tunneling microscopy experiments which provided a model for our phenomenological distribution. To
make definite calculations and compare with the experimental results, we derive phase diagrams for the
Bi2Sr2CaCu2O81x (Bi2212), La22xSrxCuO4 (LSCO), and YBa2Cu3O72y ~YBCO! families, with a mean field
theory for superconductivity using an extended Hubbard Hamiltonian. We show also that this approach pro-
vides insights into several experimental features of high-Tc oxides.

DOI: 10.1103/PhysRevB.67.024502 PACS number~s!: 74.72.2h, 74.20.2z, 74.81.2g, 71.38.2k
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I. INTRODUCTION

It is well known that the properties of high-temperatu
superconductors~HTSC’s! vary in an unusual way when
moderate density of holes are introduced into the Cu2
planes by chemical doping. This is one of the reasons w
despite large experimental and theoretical efforts, the na
of the superconductivity in these materials remains to
explained.1 Correlations show the parent undoped compou
to be a Mott insulator and, upon doping, the underdop
compounds display unusual metallic properties with incre
ing Tc . Doping beyond the optimal level yields normal me
als with Fermi liquid behavior and with decreasingTc .

The unusual properties of underdoped samples have
tivated several experiments, and two features have been
covered which distinguish them from the overdoped co
pounds: first, the appearance of a pseudogap at a temper
T* , that is, a discrete structure of the energy spectrum ab
Tc , identified by several different probes.2 T* was also
found to be present in overdoped samples,2,3 but at tempera-
tures nearTc . Second, there is increasing evidence that e
trical charges are highly inhomogeneous up to~and even
further! the optimally doped region.4–9 These charge inho
mogeneities are due neither to impurities nor to crystal
fects, but are intrinsic to the type of cuprate, producing lo
lattice distortions in the CuO2 bond length.10 In fact, such
intrinsic inhomogeneities are also consistent with the pr
ence of charge domains either in a granular7–9 or a stripe11–13

form.
Therefore, in our view, it is very likely that the pseudog

and the intrinsic charge inhomogeneities are closely rela
and understanding their interplay is of great importance
understanding the general phenomenology and the phase
0163-1829/2003/67~2!/024502~9!/$20.00 67 0245
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grams of the HTSC families. Currently there are two ma
different proposals to explain the existence of the pseudog
In the first one, the pseudogap is regarded as a normal
precursor of the superconducting gap due to local dyna
pairing correlations in a state without long range phase
herence, andTc is much smaller thanT* because of strong
phase fluctuations.14,15In the second proposal, the pseudog
is a normal state gap, which is necessarily independent o
superconducting gap, and which competes with the su
conductivity, existing even belowTc for compounds around
the optimum doping, ending in a quantum critical point16–18

at zero temperature.
Recently we described a simple scenario19: when the tem-

perature of a given sample is decreasing and reachesT* , it
activates the formation of pairs at some selected low dop
metallic regions. Initially these superconducting or pair-ri
regions are not connected and there is no phase coher
over the whole system. The coherent superconducting t
sition occurs when the temperature reaches a value (Tc) at
which the different superconducting regions percolate. T
scenario relies heavily upon the fact that the cuprates hav
intrinsic inhomogeneous charge distribution. Thus a giv
HTSC compound with an average hole per Cu ion den
^r& and with an inhomogeneous microscopic charge dis
butionr(r ) has a distribution of small clusters or stripes wi
a given localTc(r ) (0,^r&<1 and 0,r(r )<1). Thus the
model depends strongly on the intrinsic charge distribut
r(r ) although their exact form is not well known, and sin
the discovery of the spin-charge stripes,11 they are a matter
of intense current research. As a consequence, several r
experiments demonstrated that the charge distributions
more inhomogeneous for underdoped compounds and m
©2003 The American Physical Society02-1
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homogeneous for overdoped compounds, and may rese
either a granular4–9 or a stripe structure.

In the spin-charge striped scenario, some regions of
plane are heavily doped~the stripes! and other regions are
underdoped, filling the space between the charge-rich stri
Stripe phases occur due to the antiferromagnetic interac
among magnetic ions and Coulomb interaction between
charges, both of which favor localization. On the other ha
the zero-point motion of the holes favors delocalization, a
tends to create phase-separated states rich either in sp
charge. Experimentally, stripes are more easily detecte
insulating materials, where they are static, but there is
dence of fluctuating stripe correlations in metallic and sup
conducting compounds.12,11,13

Based on the results of the above mentioned experime
we have introduced a local charge distributionr(r ) to model
the real charge distributions inside a HTSC compound. Si
doping produces an intrinsic inhomogeneous charge distr
tion and metallic and insulator regions seem to coexist,
assume that it contains two parts: one for a hole-rich pa
tion and the other for a hole-poor partition. This mimics t
striped phases. The hole-poor regions are, in most cases
tiferromagnetic Mott insulators. The hole-rich regions for
an inhomogeneous metal with a spatially varying charge d
sity. The existence of the intrinsic charge inhomogenei
have several consequences, and one of them is the
Fermi-liquid behavior of the underdoped compounds.
concerns the superconductivity, they produce spatially
pendent superconducting gapsDsc(r ) due to the short coher
ence length, and also spatially dependent superconduc
domains with a critical temperaturesTc(r ). Recently, very
fine scanning tunneling microscopy/spectroscopy~STM/S!
data7,8 has revealed the spatial variation through the diff
ential conductance which provides a strong evidence
such distribution of zero temperature superconducting
Dsc(r ). More recently, STM data on Bi2212, using scatt
ing resonances at Ni impurity atoms, revealed a large na
cale spatial dependence of the superconducting gap.9

All together, these experiments show variations on lo
density of states~LDOS! of just a few Å. This is consisten
with the very short coherence length in HTSC. SinceTc(r ) is
proportional toDsc(r ), the opening of the largest gap occu
at the highest of all theTc(r )’s, which is exactlyT* . Above
T* there is no gap and, below it, there is the developmen
some superconducting clusters inside the material. Dep
ing on the distribution of the values ofTc(r ) in the com-
pound, some regions become superconducting. Decrea
the temperature, the number of superconducting clusters
creases, bringing about the superconducting domains
grow. When the temperature reaches a value which is thTc
of the compound, the superconducting regions perco
through the sample and therefore it can hold a dissipation
current.

In Fig. 1 we show a schematic local charge density dis
bution r(r ) which is based on the above experimental da
as mentioned, and could give rise to a gap distribution
Dsc(r ). This is a pictorial sketch of what should be the re
charge distribution for a optimal doped HTSC, based on
above information. It reflects the nanoscale variations of
02450
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superconducting energy gap or the nanoscale variations
the density of charges in the material.

This percolating scenario can be understood by analyz
the scanning superconducting quantum inference device
croscopy magnetic data, which makes a map of the expe
magnetic flux~Meissner effect! domains on LSCO films.20

This experiment shows the regions where the Meissner ef
continuously develops from nearT* to temperatures wel
below the percolating thresholdTc . Notice that the regions
without magnetic flux due to the Meissner effect can ex
only where the Cooper pairs are in phase coherence
large spatial region. Furthermore there is no apparent dif
ence, other than the size of the superconducting region
the temperature changes acrossTc . Second, it shows the
existence of the superconducting regions aboveTc which
differ only in size from those belowTc . Furthermore, the
d-wave nature of both pseudogap and order parameters
the tunneling conductance and angle-resolved photoemis
spectroscopy~ARPES! measurements,2 with their curves
evolving smoothly acrossTc , are compelling evidence in
favor of a similar nature of both gap and pseudogap.

Several different ideas of a superconducting phase in
prates attainable by some form of percolation between pa
clusters’ or stripes are not new.21–23 More recently, a perco-
lating approach was suggested and supported by a m
scopic model based on a spatially dependent critical te
peratureTc(r ) due to intrinsic inhomogeneities like pa
breakers or spatial dependence of the superconducting
pling constant proposed by Ovchinnikovet al.24 They de-
rived the density of states due to the spatial distribution
coupling constants. A different method based on the bo
percolation between pre-formed mesoscopic Jahn-Te
pairs was proposed recently25 as a mechanism to attain
superconducting phase coherence . On the other hand
spatial variations on the LDOS due to charge disorder w
taken into account in calculations using a generalizedt-J
model.26 In fact, new trends and ideas have been used
describe the effects of the intrinsic disorder and the poss
ity of a percolating phase not only for HTSC’s but also f
manganites.27

FIG. 1. Sketch of the possible charge distribution in a HTS
compound. The white part represents the insulator or hole-poo
gions. The gray regions mimics the hole-rich metallic part of t
compound. The lighter regions are for metals with higher values
the superconducting gap and the darker regions is for lower
regions.
2-2
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The ideas described in the above paragraph are on
same lines as the scenario that we want to discuss to ex
why the occurrence of pairing and the phase coherent su
conducting state in the high-Tc superconductors appears
occur independently: we show that the percolation the
i.e., that the superconducting state is reached through
percolation of regions rich in preformed pairs which pr
vides good quantitative agreement with the measuredT* and
Tc phase diagrams. Notice that there is a general agreem
with respect to the experimentalTc(^r&) curves, since mos
of them are obtained through the same method, namely
sistivity measurements. However the measured values oT*
found in the literature are obtained through different meth
and seems to vary considerably, depending on the spe
experimental probe used.2 Such difference may be due to th
anisotropic d-wave nature of the gap amplitude and the
that a given experimental technique is sensitive to excitati
at a particular wavevector magnitude. Therefore, it is natu
that ARPES, tunneling spectroscopy, transport proper
such as dc resistivity and optical conductivity, NMR, Knig
shift relaxation rate, electronic Raman, magnetic neut
scattering, specific heat,2,16 and recent vortexlike Nernst sig
nal measurements28 yield different values for the onset o
vanishing gap temperatureT* . Since the origin of the
charges inhomogeneities are not known,T* could be also
dependent on the way a given sample is made.

We must also emphasize that the percolating approac
not only suitable to yield good quantitative agreement w
the HTSC phase diagrams but, and perhaps more im
tantly, it provides interesting physical insights into a numb
of phenomena detected in these materials: the variatio
the measured pseudogap magnitude with the temperat2

the decreasing of the zero temperature superconducting
D0 while Tc increases for underdoped compounds,3,29 the
downturn of the linear dependence of the resistivity with
temperature for underdoped samples and the increase of
carriers with the temperature, mostly measured for the o
mally doped and underdoped compounds,30 the downturn of
the linear specific heat coefficient, etc. These properties
be discussed in more detail in Sec. IV.

This paper is divided as follows: in Sec. II, we introdu
the charge distributions appropriate to mimic the real cha
distribution inside the material and reproduce theT* andTc
phase diagrams. In Sec. III, we derive the phase diagram
Bi2212, LSCO, and YBCO, and make a comparison with
experimental data. We use a mean field BCS-like met
with an extended Hubbard Hamiltonian to derive the onse
vanishing gap atT* , but it should be emphasized that th
percolating approach introduced here is independent of
method of calculating the superconducting pair formation
Sec. IV, we comment on the applications and implications
the percolation theory to several physical properties
HTSC’s and we finish with the conclusions in Sec. V.

II. CHARGE DISTRIBUTION

The consequence of the microscopic charge inhomog
ities distribution in the CuO2 planes, either in a striped or i
a granular configuration, is the existence of domain wa
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between the two phases which are spontaneously create
the planes11–13: regions which are heavily doped or hole ric
may form stripes, and other regions which are hole poor
created between these charge-rich stripes. The exactly f
of these charge distributions is not well known, but we c
obtain insights from a number of recent experiments. N
tron powder diffraction5,6,10 suggests that charge inhomog
neities modify the Cu-O bond length, leading to a distrib
tion of bond lengths for optimal and underdoped compoun
Scanning tunneling microscopy/spectroscopy~STM/S!
~Refs. 7 and 8! on optimally doped Bi2Sr2CaCu2O81x mea-
sures nanoscale spatial variations in the local density
states and the superconducting gap at a very short le
scale of '14 Å. These results suggest that, instead o
single value, the zero temperature superconducting gap
sumes different values at different spatial locations in
crystal, and their statistics yield a Gaussian distributio8

High resolution STM measurements9 revealed an interesting
map of the superconducting gap spatial variation for und
doped Bi2212. Their data are compatible, as they poin
out, with a granular superconducting grains separated
non-superconducting regions. Based on their measured
histogram@see Fig. 4~b! of Lang et al.9# and on similar data
of Panet al.,8 we can draw some insights on the real char
distribution inside a HTSC.

Thus, in order to model the above experimental obser
tions and to be capable of performing calculations wh
may reproduce the measured phase diagrams, namelyT*
andTc for a given family of compounds, we used a comb
nation of a Poisson and a Gaussian distribution for the cha
distribution r(r ). In fact, each type of distribution has
convenient property which we use below: The width of
Gaussian distribution is easy to control, and expresses
degree of disorder, but since it is symmetric it would imp
in a rather small width to the low density compounds. On
other hand, a Poisson distribution starts sharply and ha
long tail, which is convenient in order to deal with the
these low density compounds with their experimentally m
sured large degree of inhomogeneities. Thus, for a gi
compound with an average charge density^r&, the hole dis-
tribution P(r;^r&) or simply P(r) is a histogram of the
probability of the local hole densityr inside the sample,
separated into two branches or domains. The low den
branch represents the hole-poor or nonconducting regi
and the high density one represents the hole-rich or met
regions. As concerns the superconductivity, only the prop
ties of the hole rich branch are important since the curr
flows only through the metallic region.

Such normalized charge probability distribution may
given by

P~r!5~rc2r!exp@2~r2rc!
2/2~s2!2#/$~s2!2

3@22exp„2~rc!
2/2~s2!2

…#% for 0,r,rc

~1!

P~r!50 for rc,r,rm ~2!
2-3
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P~r!5~r2rm!exp@2~r2rm!2/2~s1!2#/$~s1!2

3@22exp„2~rc!
2/2~s2!2

…#% for rm,r

~3!

The value ofs2 (s1) controls the width of the low
~high! density branch. Hererc is the end local density of the
hole-poor branch.rm is the starting local density of the hole
rich or metallic branch. Bothrc andrm are shown in Fig. 2
for particular cases. Each compound will have a its value
rm . Thus a compound having regions with different ho
concentrations which are distributed according to the ab
probability density functionP(r), has an average valu
which depends on the parameters of the distribution. We
show that the average value of the charge density is

^r&5@s1sqrt~p/2!1rm1rc2s2sqrt~p/2!

3erfunction„rc /sqrt~p/2!…#/

3$~s1!2@22exp„2~rc!
2/2~s2!2

…#%, ~4!

here erfunction is the error function. For most compoun
due to the small values ofs1 , ^r&'rm ; see Table I below.
Indeed, for a compound with average density^r&, the values
of s6are chosen in order that percolation in the hole-r
branch occurs at a given density calledrp .

As the doping level̂r& increases, the compounds becom
more homogeneous and therefore, we take larger value
s2 and smaller values of the metallic branch widths1 . We
takerc'0.05 as the end of the low branch because it co
sponds to the onset of superconductivity to mostly cupra
However,rc'0.1 for the Bi2212 family. During the prepa
ration of this work, we discovered that the charge probabi

FIG. 2. Model charge distribution for the inhomogeneities
stripe two phase regions. The low density insulating~antiferromag-
netic! branch is nearr50. The high density hole-rich region star
at the compound average densityrm which are indicated by long
arrows for some selected compounds.rp , indicated by the short
arrows, is the density where percolation can occur.
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distribution for the metallic branch, introduced as an ans
in the beginning of our calculations, but based on the res
of Panet al.,8 was confirmed by the very fine STM measur
ments of Langet al.9 They measured the gap probability di
tribution which has a Gaussian form but with a long t
which is more characteristic of a Poisson type distributio
Since there is not any experimental measurements for
hole-poor branch,s2 is just a free parameter.

We can obtain a reliable estimation of thes1 values from
the experimental STM/S Gaussian histogram distribution
the local gap8 in an optimally doped Bi2Sr2CaCu2O81x
(rm'0.32). From Fig. 2~d! of Ref. 7, one sees that the hal
width for the metallic branch is about half of the mean do
ing value, that is 2s150.16, since the local gap is propo
tional to the local hole density. As mentioned, the meta
branch distribution has exactly the same form of the ST
histogram data of Langet al.,9 which express the inhomoge
neous superconducting regions in Bi2212. For the LS
system, assuming that it has the same STM/S Gaussian
togram distribution, the optimally doped compound (^r&
'0.16) must have 2s150.08. Since thes1 values are re-
lated with the degree of inhomogeneities, we estimate thes1

values for the other compounds using the fact that it
creases with the hole density. Below we show some sele
distributions for underdoped, optimally doped, and ov
doped compounds.

The density distribution is normalized to unity. For com
pounds like LSCO, with average densities ofr@0.25, that
is, in the far overdoped region, we use a single Gauss
distribution which reflects the more homogeneous chara
of these compounds. For Bi2212, since the optimally dop
compound is about twice that of the other families, the sin
Gaussian distribution is appropriate for compounds withr
@0.5. In Sec. III we show how to estimateTc as function of
the local densityr(r ). As already discussed, HTSC com
pounds are intrinsic inhomogeneous, and each region in
material may have a different superconducting critical te
peratureTc(r ). The maximum of these temperaturesTc(r ) is
the pseudogap temperature since it is connected with
opening of the largest gap, that is, theT* of a given sample
with ^r&, i.e., T* (^r&). Eventually for temperatures below

r

TABLE I. Some selected parameters for different doping le
compounds. Notice that they are characterized by the average
density^r& given in the fourth column. Notice also that the valu
of the metallic branch widths1 decreases witĥr&, showing that
the degree of disorder decrease with the doping. The * marks
distributions plotted in Fig. 2. The value ofs150.04 for ^r&
50.16 is taken from the experimental data of Panet al. ~Ref. 8!.

rm s2 s1 ^r& rp

0.080* 0.033 0.050 0.09 0.245
0.100 0.034 0.050 0.10 0.240
0.120 0.037 0.050 0.12 0.238
0.160* 0.057 0.040 0.16 0.230
0.200 0.090 0.026 0.20 0.239
0.220 0.097 0.017 0.22 0.245
0.260* 0.04~G! 0.04~G! 0.26 0.268
2-4
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THEORY FOR HIGH-Tc SUPERCONDUCTORS . . . PHYSICAL REVIEW B 67, 024502 ~2003!
T* (^r&) the regions with local densities betweenrm andrp
become superconducting and the supercurrent may perc
through the sample. Therefore, the localTc(rp) is the maxi-
mum temperature at which a dissipationless current can
through the system and which is identified asTc(^r&), the
experimental superconducting critical temperature.

According to the percolation theory, the site percolati
threshold occurs in a square lattice when 59% of the sites
filled.31 Thus we find the density where the hole-rich bran
percolates integrating*P(r)dr from rm till the integral
reaches the value of 0.59, where we definerp . Below
Tc(^r&) the system percolates and, consequently, it is abl
hold a dissipationless supercurrent. We should point out
0.59 is an appropriate value for a single layer cuprate.
site percolation threshold is 0.16 for a simple cubic lattice32

Therefore, for a two layer system like Bi2212, the site p
colation threshold may be less than 0.59, but since the
value is not known, we will use 0.59 as a first approximatio
In Table I, we show some of the parameters used for cer
sample and we plot the distribution, as discussed above
Fig. 2. Notice that Table I and Fig. 2 are for a HTSC syst
with optimum doping^r&'0.16 like LSCO or YBCO. For
Bi2212, the optimum hole doping is about twice this value33

and in this case new parameters must be used. Some c
distributions used for the calculations with the Bi2212 fa
ily, similar to the ones shown in Fig. 2 above, were a
derived.19

III. PHASE DIAGRAM

The experimentally based phenomenological charge
tribution probability introduced in Sec. II enable us to es
mate the appearance of preformed pair at different region
the crystal provided that we know the onset of supercond
tivity T* @r(r )#. There are several different approach
which can be used to obtainT* @r(r )#. We can simply use
the experimental measured pseudogap temperatureT*
5T* (^r&) for several different compounds through the ide
tification T* @r(r )#5T* (^r&) which is probably the best es
timation. Another possibility is perform a theoretical calc
lation as we have done in the past37,36 for Tc of a given
compound with densitŷr& and takeT* (r(r ))5Tc(^r&).

Strictly speaking, due to the nonuniform charge distrib
tion we do not have translational symmetry, and we sho
use a method which takes the disorder in
account.24,26,27,34,35However, such theories require the intr
duction of a phenomenological random potential to simul
the disorder. Since our purpose here is to demonstrate
phase coherence is attained by percolation and it isindepen-
dent of the pairing mechanism, we will take the simple
theoretical approach37: we use a BCS-type mean-field a
proximation ink space on a two-dimensional square latt
with uniform carrier densityr to estimate the onset temper
ture of the superconductingd-wave gap, i.e.,T* (r). Then
we takeT* @r(r )#5T* (r) in order to make a map of th
superconducting region. We have to bear in mind that thi
an approximation but which is worthwhile since it capable
reproduce the experimentalT* values and is reasonable
the size of the grain or stripes domains are larger than
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typical pair coherent length. In fact, the latest STM/S resu
yields grain boundaries of the order of 100–10 nm while
typical coherent lengths are of the order of angstroms. Th
this approach, with appropriate choice of experimental
calculated parameters, was used before to derive theTc(r)
curves36–38 for some HTSC families, sinceTc was, as in
normal superconductors, taken as the onset of vanishing
and r was taken aŝr&. A two-dimensional extended Hub
bard Hamiltonian in a square lattice has been used to m
the quasibidimensionality of the carrier motion through t
CuO2 planes,36–38,40and is given by

H52 (
Š^ i j &‹s

t i j cis
† cj s1U(

i
ni↑ni↓

1 (
^ i j &ss8

Vi j cis
† cj s8

† cj s8cis , ~5!

where t i j is the nearest-neighbor and next-nearest-neigh
hopping integral between sitesi and j; U is the Coulomb
on-site correlated repulsion andVi j is the attractive interac-
tion between nearest-neighbor sitesi and j. a is the lattice
parameter.

Using the well known BCS-type mean-field approxim
tion to develop Eq.~5! in the momentum space, one obtai
the self-consistent gap equation, at finite temperatures,39

Dk52(
k8

Vkk8

Dk8

2Ek8

tanh
Ek8

2kBT
, ~6!

with

Ek5A«k
21Dk

2, ~7!

which contains the dispersion relation«k , and the interaction
potentialVkk8 which comes from the transformation to th
momentum space of Eq.~5!.36,40 In the calculations we have
used a dispersion relation derived from the ARPES da41

with five neighbor hopping integrals. The hopping integra
could also be estimated from band structure calculation42

The interaction potential may be given by36,40

Vkk85U12V cos~kxa!cos~kx8a!12V cos~kya!cos~ky8a!.
~8!

The substitution of Eq.~8! into Eq. ~6! leads to appear-
ance of a gap with two distinct symmetries,36

Dk~T!5D~T!@cos~kxa!6cos~kya!#, ~9!

where the plus sign is for extended-s wave symmetry and the
minus sign ford-wave symmetry. In accordance with Ref. 3
one observes that thed-wave part of the gap do not depen
on the coupling constantU, depending only onV. Here we
deal only with thed-wave symmetry which is the more ac
cepted pseudogap symmetry.2

Using the same BCS-type mean-field approximation, o
obtains the hole-content equation43

r~m,T!5
1

2 (
k

S 12
«k

Ek
tanh

Ek

2kBTD , ~10!
2-5
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where 0<r<1.
Equation~10!, together with the gap equation~6! must be

solved together self-consistently. They may be used to de
the onset of vanishing gap temperature as function of a g
value of the density of carriersr. This procedure was used i
the past to derive, with appropriate set of parameters,
Tc(r) phase diagram for different HTSC systems for a sin
type36,37,40,44 and for mixture of different order paramete
symmetries.45

In the present work, we assume a different view,r here is
not the compound average hole density but thelocal hole
densityr(r ). For a given value ofr(r ), we use Eqs.~10!
and~6! to calculate thelocal onset temperature of vanishin
gap. It is more appropriate to call this temperatureT* (r);
therefore,T* (r)[Tc(r), and hereafter we will deal only
with T* (r). On the other hand, the pseudogap tempera
of the compound isT* (^r&)5max$Tc(r)%, or simplyT* .

Below, in Fig. 3, we present the results for th
La22xSrxCuO4 family. We have used a dispersion relatio
derived from the Schabelet al.41 In their notation, the hop-
ping parameters aret[t150.35eV, t2 /t150.55, t3 /t1
50.29, t4 /t150.19, andt5 /t150.06. The magnitude of the
attractive potential was setV/t5-0.40 in order to give a
reasonable agreement with many measured values ofT* . As
we already mentioned, different experiments yield co
pletely different results forT* . The phase diagram depen
on the hopping parameters and on the attractive poten
which is the free parameter in this type of calculation. Th
varying V/t makes the values of the calculatedT* (r)
change and the position of the optimal density depends

FIG. 3. Phase diagram for the LSCO family. To explain ho
T* (^r&) and Tc(^r&) are obtained, we plot in~a! the probability
distribution for the optimal compound witĥr&50.16, P(r,0.16).
The arrows showsT* (0.16) and the percolation threshold atrp

50.23 with Tc(^r&50.16)5Tc(0.23). The experimental data ar
taken from Ref. 48 andTonset is taken from the flux flow experi-
ment of Ref. 28~open squares!. Notice that values ofT* (^r&) are
the same ofTc(r) but T* refers to the compound density^r& and
Tc refers to the local densityr.
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the hopping parameters. The hopping values used below
within the variation estimated by different methods~band
structure, ARPES measurement, etc.!.46,47

The theoretical curves in Fig. 3 are derived in the follo
way: For each local densityr.rm , that is, inside the metal
lic branch,T* (r), calculated with the mean field equation
is a decreasing function. Thus the maximum value ofT* (r)
is equal toT* (rm). This is the onset temperature of th
superconducting gap~in the metallic branch! and therefore
T* (rm)5T* (^r&). To show this, we draw an arrow in Fig.
showing howT* (^r&50.16) is obtained. TheT* (^r&) curve
calculated with the above parameter is in good qualitat
agreement with the displayed experimental data.28,48 The
value of superconducting critical temperatureTc(^r&) is es-
timated in the following manner: we calculate the maximu
temperature at which the superconducting region percol
in the metallic branch. This percolation occurs when all t
clusters with local density betweenrm andrp are supercon-
ducting. Figure 3~a! shows how this happens for^r&50.16
which yieldsrp50.23. This value ofrp can be seen in the
panel following the arrow, which shows thatT* (0.23) is
equal the superconducting critical temperature of the co
pound,Tc(^0.16&). In generalTc(^r&)[T* (rp) and the sys-
tem will be superconducting when submitted to any tempe
ture below T* (rp) @see Fig. 3~b!#. Below we show the
results for the LSCO family. A similar curve was also studi
which theT* is in reasonable agreement with theTc

MF ex-
tracted from the high-resolution dilatometry data49 for
YBa2Cu3Ox .

We have also used this procedure to calculate the ph
diagram for the Bi2212 family which is in agreement wi
the experimental data as it is shown in Fig. 4. The details
the calculations can be found in Ref. 19.

It is worthwhile to mention that the percolating approa
is independent of the above mean field calculations
T* (r). It can be used in connection with any method whi
yields aT* (r) curve. The only requirement is that it woul
not cross theTc(^r&) curve as some have proposed.16 Thus
the percolating approach could be used with some exp
mental measurements or others theoretical methods to ca
lateT* (^r&), as, for instance, the calculations made with t
Hubbard-Holstein Hamiltonian.50

IV. DISCUSSION

There are several HTSC phenomena which are not w
understood and can be explained with the percolating id
and with our model and calculations:

~1! ARPES measurements3,29 revealed the anomalous be
havior of the zero temperature gapD0(^r&) which decreases
steadily with the dopinĝr& althoughTc increases by a fac
tor of 2 for their underdoped samples. This overall relati
betweenD0(^r&) and Tc is totally unexpected, since it is
well known that normal superconductors have a cons
value for the ratio 2D0 /kBTc , being 3.75 for usual isotropic
order parameter and 4.18 for thedx2-y2 wave solution.51

At low temperatures, since the superconducting ph
percolates through different regions, each one has a g
D0(r ). Thus tunneling and ARPES experiments detect
2-6
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largest gap present in the compound. Consequently,D0(^r&)
must be correlated with the onset of a vanishing gapT* (^r&)
which is the largest superconducting temperature in
sample, and should not be correlated withTc(^r&). As we
show in Fig. 5, correlating the values plotted in Fig. 3~b! for
T* (^r&) with D0(^r&), we are able to give a reasonable
for the data3,29 on Dy-BSCCO and explains the different e
ergy scales pointed out by several other authors.

~2! Transport experiments have also been used to s
the pseudogap.2 The underdoped and optimum doped hig
Tc oxides have a linear behavior for the resistivity in t
normal phase up to very high temperatures. However, atT*
there is a deviation from the linear behavior and the resis
ity falls faster with decreasing temperature.2,48 This behavior
can be understood by the increasing of superconducting c
ter numbers and size, as the temperatures decreases b
T* . Each superconducting cluster produces a short cir
which decreases the resistivity below the linear behavior
tween T* and Tc . To obtain a quantitative fitting of this
effect, we are presently working on a simulation for the
sistivity of a linear metallic medium with short circuited re
gions which varies with the temperature. The linear behav
of the resistivity aboveT* may be also be explained by
percolation procedure. The conductivity of inhomogeneo
systems has been considered from different percolative
proaches in order to obtain the correct temperat
dependence.32,52 The temperature functional form depen
on how the percolation is achieved in the system.

~3! Several measurements made in the presence of a m
netic field seem to agree with the percolating scenario:
magnetotransport measurements53 in a La22xSrxCuO4 film
just above the irreversibility line is in agreement with t
notion that the magnetic field penetrates partially in the

FIG. 4. ~a! The probability distribution for the optimal com
pound with^r&50.32. ~b! The calculated local onset of the vanis
ing gap T* @r(r )# and the compound pseudogap temperat
T* (^r&). The thick arrow showsT* (^r&), and the dot-dashed ar
row shows howTc(^r&) is determined fromT* (rp). The experi-
mental points and the symbols are taking from Ref. 48. Notice
values ofT* (^r&) refer to the compound average density^r&, and
T* (r) refers to the local onset of a vanishing gap at a cluste
densityr.
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perconducting regions and destroys some of the super
ducting clusters in the film. We have already mentioned
recent measurements of magnetic domains aboveTc which
has been interpreted as a diamagnetic precursor to the M
ner state, produced by performed pairs in underdo
La22xSrxCuO4 thin films.20 The existence of superconduc
ing clusters betweenT* and Tc easily explains the appear
ance of local diamagnetic or Meissner domains and, if th
is a temperature gradient in the sample, the local flux flo
and produces the dynamic flux flow state.28

~4! Another important consequence which follows is th
the superconducting pairing mechanism should be more
ily investigated by experiments performed mainly atT* .
One such experiment was accomplished by Rubio Tempr
et al.,54 which measured a large isotope effect associa
with T* and an almost negligible isotopic effect associa
with Tc in the slightly underdoped HoBa2Cu4O8 compound.
The results strongly support the fact that electron-phon
induced effects are present in the superconducting me
nism associated withT* . Bussmann-Holderet al. also cal-
culatedT* as function of a phonon-induced gap.55

In order to gain further insight on the nature of the p
potential, we have measured the resistivity under hydrost
pressure on an optimally doped Hg0.82Re0.18Ba2Ca2Cu3O81d
~Ref. 56! sample. The data indicated a linear increase ofT*
with the pressure at the same rate asTc . In the context of our
theory, this result might be in agreement with the phon
induced mechanism: the inhomogeneities local charge de
ties in a given compound yield varying values for the Fer
level, broadeningN(EF).24 The applied pressure on a cu
prate with an inhomogeneous charge distribution is also
pected to broaden the density of states36 N(EF), and the
main effect of an applied pressure onTc is an increase of the
phonon or Debye frequency. This is seen through a lin
increase ofT* ~Ref. 56! which also provides a very interes
ing physical explanation on the origin of the linear press
induced intrinsic effect,36,57,58 usually postulated to explain
the raise ofTc above its maximum value.

FIG. 5. The zero temperature gap for nine samples as meas
by Harriset al. ~Ref. 29! and our calculations.e

at

f
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~5! The anomalous behavior found mostly in underdop
compounds is related with the temperature behavior of
Hall coefficient30 RH and the Hall densitynH which is pro-
portional to the average hole density^r&. While in normal
metalsnH is independent of the temperature, in the norm
phase of many HTSC,nH increases monotonically as th
temperature increases and saturates at high temperature30,59

This anomalous behavior can be explained by the existe
of superconducting islands aboveTc which gradually turn
into metallic phases as the temperature is raised. Such s
conducting regions can be regarded as empty spaces in
ordered hole-rich~metallic! and hole-poor~insulator! back-
grounds. Therefore, as the metallic region increases, it
increases also the number of carriers. However, we hav
point out that the saturation seems to occur near the ro
temperature, which is much higher than some of the m
sured values forT* .

~6! The pseudogap has also been detected through
specific heat coefficient which undergoes changes belowT* .
It is well known that the electronic specific heatg term of
the normal phase is a material dependent and tempera
independent constant. However, several measurements
detected2,16,17 a suppression in theg term in mostly under-
doped compounds of different families. In the percolati
approach, with the existence of superconducting clusters
low T* , we can qualitatively explain such depression. Wh
the metallic region specific heat behaves asgT, the super-
conducting region contributes with terms proportional
exp(2D(r)/T), which decreases much faster withT. As the
temperature falls belowT* and the superconducting regio
increases, its contribution to the specific heat becomes m
important and produces the overall downturn in theg coef-
ficient. For overdoped samples, sinceT* is very closeTc ,
this effect may be difficult to be detected and this is t
suppression of theg term was not seem for overdope
compounds.16,17

~7! Magnetization measurements aboveTc in oriented
powder of Y12xCaxBa2Cu3Oy has revealed a pattern60 which
cannot be explained by the usual fluctuation of the magn
zation order parameter.61 Such a pattern was interpreted b
the formation of superconducting regions above the perco
ing threshold,60 as discussed in detail by the percolati
model above. We use the Ginsburg-Landau formalism61 in
connection with the hole charge distribution introduced
Sec. II in order to provide a quantitative calculation for su
anomalous induced diamagnetism. The results will be p
e

he
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lished elsewhere together with a new analysis on the beh
ior of Hc2 for high-Tc superconductors.

V. CONCLUSIONS

We have demonstrated that the percolating approach
local preformed pairs due to an inhomogeneous charge
tribution on the CuO2 planes provides a general approach
the phase diagram of the high-Tc cuprate superconductors
The pseudogap is regarded as the largest supercondu
gap among the superconducting regions in an inhomo
neous compound. The critical temperatureTc is the maxi-
mum temperature at which these superconducting reg
percolate. We have shown, through the calculations p
sented in this paper, that this approach is suitable to re
duce the measuredTc and T* phase diagrams for severa
cuprates using a phenomenological real charge distribu
drawn from the STM/S data.

One of the advantages of our approach is that the
formation and the phase coherent superconducting state
studied independently. The phase coherence is attaine
percolation. On the other hand, the pair formation was st
ied by a mean field BCS-like method in order to estimate
onset of superconducting gapT* for any doping level. This
was the simplest method and the calculations could h
been done with other theoretical approaches. However,
tice that the pair formation mechanism is independent of h
the coherent percolative phase is reached. This genera
proach is in agreement with trends and ideas26,27 which are
based on data and the experimental fact that HTSC’s
mostly inhomogeneous materials.

The method developed also provides insights and in
duces an interpretation on several typical anomalous pro
ties of HTSC’s: these include the dependence of the z
temperature gapD0(T) on the hole concentration, the down
turn of the linear dependence on the resistivity with the te
perature, the linear dependence of the hole concentratio
the temperature, the suppression of the specific heat co
cient g, the dependence ofT* on the pressure, and othe
implications which are presently being studied and wh
will be discussed in the future.
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