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We propose a general theory for the dependence of the critical and pseudogap tempEsatndds on the
doping concentration for highi, oxides, taking into account the charge inhomogeneities in the, @ledes.
Several recent experiments have revealed that the charge demsigygiven compoundmostly underdoped
is intrinsic inhomogeneous with large spatial variations which leads to a local charge defrityThese
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 temperdi(r®sand zero
temperature gap\q(r). For a given compound, the measured onset of the vanishing gap temperature is
identified as the pseudogap temperature, that'is,which is the maximum of all .(r). Below T*, due to the
distribution of T.(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 differeft.(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
Bi,Sr,CaCyOg . « (Bi2212), Lg_,Sr,CuQ, (LSCO), and YBaCu;0;_, (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 Higloxides.
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I. INTRODUCTION grams of the HTSC families. Currently there are two main
different proposals to explain the existence of the pseudogap:
It is well known that the properties of high-temperatureIn the first one, the pseudogap is regarded as a normal state
superconductoréHTSC’s) vary in an unusual way when a precursor of the superconducting gap due to local dynamic
moderate density of holes are introduced into the £uO pairing correlations in a state without long range phase co-
planes by chemical doping. This is one of the reasons whyherence, and is much smaller thaif™* because of strong
despite large experimental and theoretical efforts, the naturﬁhase fluctuation¥"*°1n the second proposal, the pseudogap
of the superconductivity in these materials remains to bgs a normal state gap, which is necessarily independent of the
explained:. Correlations show the parent undoped compoundynerconducting gap, and which competes with the super-
to be a Mott insulator and, upon doping, the underdopedonqyciivity, existing even belod, for compounds around

compounds display unusual metallic properties with increasg, o optimum doping, ending in a quantum critical p&int®
ing T.. Doping beyond the optimal level yields normal met-

. J o . . ) at zero temperature.
als with Fermi liquid behavior and with decreasimng. P

) Recently we described a simple scen&tiovhen the tem-
The unusual properties of underdoped samples have m%’erature of a given sample is decreasing and reathest
| -

tivated several experiments, and two features have been d activates the formation of pairs at some selected low dopin
covered which distinguish them from the overdoped com- . ) " P ) doping
tallic regions. Initially these superconducting or pair-rich

pounds: first, the appearance of a pseudogap at a temperatﬁpg_ d and th . h h
T*, that is, a discrete structure of the energy spectrum aboV/£9ions are not connected and there Is no phase coherence

T., identified by several different prob8sT* was also over the whole system. The coherent superconducting tran-
found to be present in overdoped samptdbut at tempera-  Sition occurs when the temperature reaches a valgg &
tures neafl.. Second, there is increasing evidence that elecWhich the different superconducting regions percolate. This
trical charges are highly inhomogeneous up(émd even Scenario relies heavily upon the fact that the cuprates have an
furtheﬂ the Op“ma"y doped regioﬁ__g These Charge inho- intrinsic inhomogeneous Charge distribution. Thus a given
mogeneities are due neither to impurities nor to crystal deHTSC compound with an average hole per Cu ion density
fects, but are intrinsic to the type of cuprate, producing locakp) and with an inhomogeneous microscopic charge distri-
lattice distortions in the CuObond length'® In fact, such  butionp(r) has a distribution of small clusters or stripes with
intrinsic inhomogeneities are also consistent with the presa given localT.(r) (0<(p)<1 and 0<p(r)<1). Thus the
ence of charge domains either in a grantiidor a stripé'~*®*  model depends strongly on the intrinsic charge distribution
form. p(r) although their exact form is not well known, and since
Therefore, in our view, it is very likely that the pseudogapthe discovery of the spin-charge stridéghey are a matter
and the intrinsic charge inhomogeneities are closely relatedyf intense current research. As a consequence, several recent
and understanding their interplay is of great importance texperiments demonstrated that the charge distributions are
understanding the general phenomenology and the phase di@ore inhomogeneous for underdoped compounds and more
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homogeneous for overdoped compounds, and may resemble
either a granul&r® or a stripe structure.

In the spin-charge striped scenario, some regions of the
plane are heavily dopefthe stripes and other regions are
underdoped, filling the space between the charge-rich stripes.
Stripe phases occur due to the antiferromagnetic interaction
among magnetic ions and Coulomb interaction between the
charges, both of which favor localization. On the other hand,
the zero-point motion of the holes favors delocalization, and
tends to create phase-separated states rich either in spin or
charge. Experimentally, stripes are more easily detected in
insulating materials, where they are static, but there is evi-
dence of fluctuating stripe correlations in metallic and super- FIG. 1. Sketch of the possible charge distribution in a HTSC

; 111,13
conducting compoundlg. ) . compound. The white part represents the insulator or hole-poor re-
Based on the results of the above mentioned experiment§jions. The gray regions mimics the hole-rich metallic part of the

we have introduced a local charge distributjg(m) to model  compound. The lighter regions are for metals with higher values of
the real charge distributions inside a HTSC compound. Sincgye superconducting gap and the darker regions is for lower gap
doping produces an intrinsic inhomogeneous charge distribuyegions.
tion and metallic and insulator regions seem to coexist, we
assume that it contains two parts: one for a hole-rich partisuperconducting energy gap or the nanoscale variations on
tion and the other for a hole-poor partition. This mimics thethe density of charges in the material.
striped phases. The hole-poor regions are, in most cases, an-This percolating scenario can be understood by analyzing
tiferromagnetic Mott insulators. The hole-rich regions formthe scanning superconducting quantum inference device mi-
an inhomogeneous metal with a spatially varying charge derneroscopy magnetic data, which makes a map of the expelled
sity. The existence of the intrinsic charge inhomogeneitiesnagnetic flux(Meissner effegt domains on LSCO film&’
have several consequences, and one of them is the noWhis experiment shows the regions where the Meissner effect
Fermi-liquid behavior of the underdoped compounds. Ascontinuously develops from ned* to temperatures well
concerns the superconductivity, they produce spatially debelow the percolating thresholf,.. Notice that the regions
pendent superconducting gafps,(r) due to the short coher- without magnetic flux due to the Meissner effect can exist
ence length, and also spatially dependent superconductingnhly where the Cooper pairs are in phase coherence in a
domains with a critical temperaturds(r). Recently, very large spatial region. Furthermore there is no apparent differ-
fine scanning tunneling microscopy/spectroscafyr M/S) ence, other than the size of the superconducting region, as
datd® has revealed the spatial variation through the differ-the temperature changes acrdgs Second, it shows the
ential conductance which provides a strong evidence foexistence of the superconducting regions ab@yewhich
such distribution of zero temperature superconducting gagliffer only in size from those belowW .. Furthermore, the
Aq(r). More recently, STM data on Bi2212, using scatter-d-wave nature of both pseudogap and order parameters and
ing resonances at Ni impurity atoms, revealed a large nanoshe tunneling conductance and angle-resolved photoemission
cale spatial dependence of the superconducting’ gap. spectroscopy(ARPES measurements,with their curves

All together, these experiments show variations on locakvolving smoothly acros3., are compelling evidence in
density of state$LDOS) of just a few A. This is consistent favor of a similar nature of both gap and pseudogap.
with the very short coherence length in HTSC. Sifigér) is Several different ideas of a superconducting phase in cu-
proportional toAs(r), the opening of the largest gap occurs prates attainable by some form of percolation between pairs,
at the highest of all th&(r)’s, which is exactlyT*. Above  clusters’ or stripes are not né.2% More recently, a perco-
T* there is no gap and, below it, there is the development ofating approach was suggested and supported by a micro-
some superconducting clusters inside the material. Dependeopic model based on a spatially dependent critical tem-
ing on the distribution of the values df (r) in the com-  peratureT,(r) due to intrinsic inhomogeneities like pair
pound, some regions become superconducting. Decreasimgeakers or spatial dependence of the superconducting cou-
the temperature, the number of superconducting clusters irpling constant proposed by Ovchinnikat al?* They de-
creases, bringing about the superconducting domains tdved the density of states due to the spatial distribution of
grow. When the temperature reaches a value which igthe coupling constants. A different method based on the bond
of the compound, the superconducting regions percolatpercolation between pre-formed mesoscopic Jahn-Teller
through the sample and therefore it can hold a dissipationlegsairs was proposed recerftlyas a mechanism to attain a
current. superconducting phase coherence . On the other hand, the

In Fig. 1 we show a schematic local charge density distrispatial variations on the LDOS due to charge disorder were
bution p(r) which is based on the above experimental datataken into account in calculations using a generalizeld
as mentioned, and could give rise to a gap distribution ofnodel?® In fact, new trends and ideas have been used to
A(r). This is a pictorial sketch of what should be the realdescribe the effects of the intrinsic disorder and the possibil-
charge distribution for a optimal doped HTSC, based on théty of a percolating phase not only for HTSC'’s but also for
above information. It reflects the nanoscale variations of thenanganiteg’
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The ideas described in the above paragraph are on tHeetween the two phases which are spontaneously created in
same lines as the scenario that we want to discuss to explathe planet—*2 regions which are heavily doped or hole rich
why the occurrence of pairing and the phase coherent supemay form stripes, and other regions which are hole poor are
conducting state in the highz superconductors appears to created between these charge-rich stripes. The exactly form
occur independently: we show that the percolation theorypf these charge distributions is not well known, but we can
i.e., that the superconducting state is reached through thabtain insights from a number of recent experiments. Neu-
percolation of regions rich in preformed pairs which pro-tron powder diffractio®®!° suggests that charge inhomoge-
vides good quantitative agreement with the measiifednd  neities modify the Cu-O bond length, leading to a distribu-
T. phase diagrams. Notice that there is a general agreemetion of bond lengths for optimal and underdoped compounds.
with respect to the experiment@l({p)) curves, since most Scanning tunneling microscopy/spectroscop§sTM/S)
of them are obtained through the same method, namely, réRefs. 7 and Bon optimally doped BiSr,CaCyOg.., mea-
sistivity measurements. However the measured valud$ of sures nanoscale spatial variations in the local density of
found in the literature are obtained through different methodstates and the superconducting gap at a very short length
and seems to vary considerably, depending on the specifigcale of ~14 A. These results suggest that, instead of a
experimental probe usédSuch difference may be due to the single value, the zero temperature superconducting gap as-
anisotropic d-wave nature of the gap amplitude and the factumes different values at different spatial locations in the
that a given experimental technique is sensitive to excitationsrystal, and their statistics yield a Gaussian distribufion.
at a particular wavevector magnitude. Therefore, it is naturaHigh resolution STM measuremeht®vealed an interesting
that ARPES, tunneling spectroscopy, transport propertiesiap of the superconducting gap spatial variation for under-
such as dc resistivity and optical conductivity, NMR, Knight doped Bi2212. Their data are compatible, as they pointed
shift relaxation rate, electronic Raman, magnetic neutromut, with a granular superconducting grains separated by
scattering, specific heat® and recent vortexlike Nernst sig- non-superconducting regions. Based on their measured gap
nal measuremerfyield different values for the onset of histogram[see Fig. 4b) of Lang et al®] and on similar data
vanishing gap temperaturd*. Since the origin of the of Panet al.’ we can draw some insights on the real charge
charges inhomogeneities are not knowiif, could be also distribution inside a HTSC.
dependent on the way a given sample is made. Thus, in order to model the above experimental observa-

We must also emphasize that the percolating approach i0ons and to be capable of performing calculations which
not only suitable to yield good quantitative agreement withmay reproduce the measured phase diagrams, naffigly,
the HTSC phase diagrams but, and perhaps more impoend T, for a given family of compounds, we used a combi-
tantly, it provides interesting physical insights into a numbemation of a Poisson and a Gaussian distribution for the charge
of phenomena detected in these materials: the variation dfistribution p(r). In fact, each type of distribution has a
the measured pseudogap magnitude with the temperatureonvenient property which we use below: The width of a
the decreasing of the zero temperature superconducting g&gaussian distribution is easy to control, and expresses the
A, while T, increases for underdoped compourddthe  degree of disorder, but since it is symmetric it would imply
downturn of the linear dependence of the resistivity with thein a rather small width to the low density compounds. On the
temperature for underdoped samples and the increase of Halther hand, a Poisson distribution starts sharply and has a
carriers with the temperature, mostly measured for the optilong tail, which is convenient in order to deal with these
mally doped and underdoped compouflithe downturn of  these low density compounds with their experimentally mea-
the linear specific heat coefficient, etc. These properties wilsured large degree of inhomogeneities. Thus, for a given
be discussed in more detail in Sec. IV. compound with an average charge densjty, the hole dis-

This paper is divided as follows: in Sec. Il, we introduce tribution P(p;{p)) or simply P(p) is a histogram of the
the charge distributions appropriate to mimic the real charg@robability of the local hole density inside the sample,
distribution inside the material and reproduce THeandT,  separated into two branches or domains. The low density
phase diagrams. In Sec. Ill, we derive the phase diagram fdsranch represents the hole-poor or nonconducting regions,
Bi2212, LSCO, and YBCO, and make a comparison with theand the high density one represents the hole-rich or metallic
experimental data. We use a mean field BCS-like methodegions. As concerns the superconductivity, only the proper-
with an extended Hubbard Hamiltonian to derive the onset ofies of the hole rich branch are important since the current
vanishing gap aff*, but it should be emphasized that the flows only through the metallic region.
percolating approach introduced here is independent of any Such normalized charge probability distribution may be
method of calculating the superconducting pair formation. Ingiven by
Sec. IV, we comment on the applications and implications of
the percolation theory to several physical properties of

HTSC's and we finish with the conclusions in Sec. V. P(p)=(pc—p)exd —(p—po)*I2(o_)*1{(a-)?
X[2—exp(—(po)?/2(a_)»)]} for 0<p<p,
IIl. CHARGE DISTRIBUTION (1)
The consequence of the microscopic charge inhomogene-
ities distribution in the Cu@planes, either in a striped or in
a granular configuration, is the existence of domain walls P(p)=0 for p.<p<pp 2
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Poisson—Gaussian Distribution TABLE I. Some selected parameters for different doping level
25 ' ' ' compounds. Notice that they are characterized by the average hole
<p>=0.092 p =0.245 d . . in the f h col Noti Iso that th |
---- <p>=0.160 p,=0.230 ensity(p) given in the _ourt column. otlc_e also that the values
—-— <p>=0.260 p,=0.268 (Gaussian) of the metallic branch widtlr . decreases witlp), showing that

1 the degree of disorder decrease with the doping. The * marks the
distributions plotted in Fig. 2. The value af =0.04 for (p)
=0.16 is taken from the experimental data of Raral. (Ref. 8.

Pm - g4 (p) Pp
0.080* 0.033 0.050 0.09 0.245
i 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* 0.04G) 0.04G) 0.26 0.268

0.4

distribution for the metallic branch, introduced as an ansatz
FIG. 2. Model charge distribution for the inhomogeneities orin the beginning of our calculations, but based on the results
stripe two phase regions. The low density insulatiagtiferromag-  of Panet al.® was confirmed by the very fine STM measure-
netig branch is neap=0. The high density hole-rich region starts ments of Langet al® They measured the gap probability dis-
at the compound average densijty, which are indicated by long tribution which has a Gaussian form but with a long tail
arrows for some selected compoungs., indicated by the short \hich is more characteristic of a Poisson type distribution.
arrows, is the density where percolation can occur. Since there is not any experimental measurements for the
hole-poor branchg_ is just a free parameter.
P(p)=(p—pmexd —(p—pm)¥2(c)?1{(0,)? We can obtain a reliable estimation of the values from
2 2 the experimental STM/S Gaussian histogram distribution for
X[2—exp(—(p)*/2(a_)?)]}  for  pp<p the local gap in an optimally doped BiS,CaCyOg, ,
(3  (pm=0.32). From Fig. &) of Ref. 7, one sees that the half-
width for the metallic branch is about half of the mean dop-
The value ofo_ (o) controls the width of the low ing value, that is 2, =0.16, since the local gap is propor-
(high) density branch. Herp, is the end local density of the tional to the local hole density. As mentioned, the metallic
hole-poor branchp,, is the starting local density of the hole- branch distribution has exactly the same form of the STM
rich or metallic branch. Botlp. andp,, are shown in Fig. 2  histogram data of Langt al.® which express the inhomoge-
for particular cases. Each compound will have a its value oheous superconducting regions in Bi2212. For the LSCO
pm- Thus a compound having regions with different holesystem, assuming that it has the same STM/S Gaussian his-
concentrations which are distributed according to the aboveogram distribution, the optimally doped compoun¢p)
probability density functionP(p), has an average value =~0.16) must have @, =0.08. Since ther_ values are re-
which depends on the parameters of the distribution. We calated with the degree of inhomogeneities, we estimaterthe

show that the average value of the charge density is values for the other compounds using the fact that it de-
creases with the hole density. Below we show some selected
(p)=[oysqri(m/2)+ pyn+pc.— o _sqri(w/2) distributions for underdoped, optimally doped, and over-

. doped compounds.
X erfunctior(pc/sqri(/2)) ]/ The density distribution is normalized to unity. For com-
X{(o ) 2—exp(— (pe)?/2(a_))]}, (4)  pounds like LSCO, with average densities@#0.25, that
is, in the far overdoped region, we use a single Gaussian
here erfunction is the error function. For most compoundsdistribution which reflects the more homogeneous character
due to the small values ef, , (p)~pp,; see Table | below. of these compounds. For Bi2212, since the optimally doped
Indeed, for a compound with average dengjty, the values compound is about twice that of the other families, the single
of o.are chosen in order that percolation in the hole-richGaussian distribution is appropriate for compounds with
branch occurs at a given density callegl. >0.5. In Sec. lll we show how to estimaig as function of
As the doping leve{p) increases, the compounds becomethe local densityp(r). As already discussed, HTSC com-
more homogeneous and therefore, we take larger values @bunds are intrinsic inhomogeneous, and each region in the
o_ and smaller values of the metallic branch width . We  material may have a different superconducting critical tem-
take p.~0.05 as the end of the low branch because it correperaturel;(r). The maximum of these temperatuiegr) is
sponds to the onset of superconductivity to mostly cuprateshe pseudogap temperature since it is connected with the
However,p.~0.1 for the Bi2212 family. During the prepa- opening of the largest gap, that is, th&é of a given sample
ration of this work, we discovered that the charge probabilitywith (p), i.e., T*({p)). Eventually for temperatures below
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T*({p)) the regions with local densities betwegg andp,  typical pair coherent length. In fact, the latest STM/S results
become superconducting and the supercurrent may percolageelds grain boundaries of the order of 100—10 nm while the
through the sample. Therefore, the loga(p,) is the maxi-  typical coherent lengths are of the order of angstroms. Thus,
mum temperature at which a dissipationless current can flowhis approach, with appropriate choice of experimental or
through the system and which is identified Bg(p)), the  calculated parameters, was used before to deriveT tie)
experimental superconducting critical temperature. curves®~38 for some HTSC families, sinc@, was, as in
According to the percolation theory, the site percolationnormal superconductors, taken as the onset of vanishing gap
threshold occurs in a square lattice when 59% of the sites arnd p was taken agp). A two-dimensional extended Hub-
filled.! Thus we find the density where the hole-rich branchbard Hamiltonian in a square lattice has been used to model
percolates integrating P(p)dp from p,, till the integral the quasibidimensionality of the carrier motion through the
reaches the value of 0.59, where we define. Below  CuO, planes;®***%and is given by
T.({p)) the system percolates and, consequently, it is able to

hold a dissipationless supercurrent. We should point out that H=— tcfe +US non

0.59 is an appropriate value for a single layer cuprate. The ((%)o’ el z. i

site percolation threshold is 0.16 for a simple cubic latfice.

Therefore, for a two layer system like Bi2212, the site per- n v.clel e e 5
colation threshold may be less than 0.59, but since the true <ij€0_r Tt ©®

value is not known, we will use 0.59 as a first approximation.
In Table I, we show some of the parameters used for certai S L O

sample and we plot the distribution, as discussed above, i oppIng integral betwee.n 5|tesandj, Uis thg Cqulomb
Fig. 2. Notice that Table | and Fig. 2 are for a HTSC system‘?n's'te correlated repulspn ang, S the .attra_\ctlve mterac-
with optimum doping(p)~0.16 like LSCO or YBCO. For tion between nearest-neighbor sifeandj. a is the lattice
Bi2212, the optimum hole doping is about twice this vaitie, Parameter. _ .
and in this case new parameters must be used. Some char gJsing the well known BCS-type mean-field approxima-

distributions used for the calculations with the Bi2212 fam-1on t© develc_>p Eq(5) in the momentum space, ongj}obtams
ily, similar to the ones shown in Fig. 2 above, were alsothe self-consistent gap equation, at finite temperattres,

heret;; is the nearest-neighbor and next-nearest-neighbor

derived?®®
Ko TR, T 2k T
I1l. PHASE DIAGRAM

The experimentally based phenomenological charge dis;v-vIth
tribution probability introduced in Sec. Il enable us to esti- _ [[Z1A2
mate the appearance of preformed pair at different regions in Bi=Veict Ao 0
the crystal provided that we know the onset of superconducwhich contains the dispersion relatiep, and the interaction
tivity T*[p(r)]. There are several different approachespotentialVy,, which comes from the transformation to the
which can be used to obtaif*[p(r)]. We can simply use momentum space of E¢5).3*°In the calculations we have
the experimental measured pseudogap temperaturé used a dispersion relation derived from the ARPES ‘data
=T*((p)) for several different compounds through the iden-with five neighbor hopping integrals. The hopping integrals
tification T*[p(r)]=T*({p)) which is probably the best es- could also be estimated from band structure calculattons.
timation. Another possibility is perform a theoretical calcu- The interaction potential may be given3y°
lation as we have done in the pHsP for T, of a given ,
compound with densityp) and takeT* (p(r))=T.((p)). Vi =U+2V cogkya)cogk,a) +2V cogkya)cogkya).

Strictly speaking, due to the nonuniform charge distribu- ®
tion we do not have translational symmetry, and we should
use a method which takes the disorder into
account*26-27343%gwever, such theories require the intro-
duction of a phenomenological random potential to simulate A(T)=A(T)[cogk.a) = cogk,a)], 9)
the disorder. Since our purpose here is to demonstrate that
phase coherence is attained by percolation andiitdespen- ~ where the plus sign is for extendsdvave symmetry and the
dent of the pairing mechanism, we will take the simplest minus sign ford-wave symmetry. In accordance with Ref. 36
theoretical approach we use a BCS-type mean-field ap- one observes that thetwave part of the gap do not depend
proximation ink space on a two-dimensional square latticeon the coupling constard, depending only orv. Here we
with uniform carrier density to estimate the onset tempera- deal only with thed-wave symmetry which is the more ac-
ture of the superconducting-wave gap, i.e.T*(p). Then cepted pseudogap symmetry.
we take T*[p(r)]=T*(p) in order to make a map of the Using the same BCS-type mean-field approximation, one
superconducting region. We have to bear in mind that this i@btains the hole-content equatidn
an approximation but which is worthwhile since it capable to
reproduce the expgrimenti_r* values and is reasonable if p(p,T)= E 2 (1_ ﬂtanh_Ek ) (10)
the size of the grain or stripes domains are larger than the 2% Ex 2kgT

The substitution of Eq(8) into Eqg. (6) leads to appear-
ance of a gap with two distinct symmetriés,
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<p>=0.16 N th.e hopping parameters. The hoppin_g values used below are
. [a) FARRN 110 within the variation estimated by different methottsand
N / \p,=0.23 structure, ARPES measurement, pté*’
2 N\ Py=0.16 / \ The theoretical curves in Fig. 3 are derived in the follow
& CN / \ 1° way: For each local density>p,,, that is, inside the metal-
\P=0-05 / \\ lic branch,T*(p), calculated with the mean field equations,
140 \ ] . Rt is a decreasing function. Thus the maximum valud@t(p)
fo . is equal toT* . This is the onset temperature of the
120 | T{p)LT(<p>) % ZH;LM ] supgrconductiﬁlgmg)gaﬁn the metallic branc}wgnd therefore
100 [ b) aTIC ] T*(pm)=T*({p)). To show this, we draw an arrow in Fig. 3
Y ﬂw ] showing howT* ((p)=0.16) is obtained. Th&* ((p)) curve
3 % —+ Theory calculated with the above parameter is in good qualitative
=60 ] agreement with the displayed experimental d&f4.The
40 [ ] value of superconducting critical temperatdig(p)) is es-
o0 | \ p timated in the following manner: we calculate the maximum
temperature at which the superconducting region percolates
0 0 005 01 0.15 02 0.25 0.3 in the metallic branch. This percolation occurs when all the

clusters with local density between, andp, are supercon-
ducting. Figure 8) shows how this happens f¢p)=0.16

FIG. 3. Phase diagram for the LSCO family. To explain how which yieldsp,=0.23. This value op, can be seen in the
T*((p)) and T ((p)) are obtained, we plot irfa) the probability  panel following the arrow, which shows that (0.23) is
distribution for the optimal compound witfp)=0.16, Pp,0.16).  equal the superconducting critical temperature of the com-
The arrows showg*(0.16) and the percolation threshold @ pound,T,({0.16). In generarrc(<p>)ET*(pp) and the sys-
=0.23 with T¢((p)=0.16)=T(0.23). The experimental data are tem will be superconducting when submitted to any tempera-
taken from Ref. 48 and y,setiS tal_<en from the flux flow experi-  t,re pelow T* (pp) [see Fig. 8)]. Below we show the
ment of Ref. 28(open squargsNotice that values oT* ({p)) are  ragyjts for the LSCO family. A similar curve was also studied
the same off (p) but T refers to the compound densify) and \\ ich the T* is in reasonable agreement with " ex-
Te refers to the local density. tracted from the high-resolution dilatometry d&tafor

YBa,Cuz0, .

where O<p=<1. We have also used this procedure to calculate the phase

Equation(10), together with the gap equatidf) must be  diagram for the Bi2212 family which is in agreement with
solved together self-consistently. They may be used to derivghe experimental data as it is shown in Fig. 4. The details of
the onset of vanishing gap temperature as function of a givefhe calculations can be found in Ref. 19.
value of the density of carriegs This procedure was used in |t is worthwhile to mention that the percolating approach
the past to derive, with appropriate set of parameters, thg independent of the above mean field calculations for
Tc(p) phase diagram for different HTSC systems for a singler* (). It can be used in connection with any method which
type’®3"4%4*and for mixture of different order parameter yields aT*(p) curve. The only requirement is that it would
symmetries® not cross theT((p)) curve as some have propos€drhus

In the present work, we assume a different vipwhere is  the percolating approach could be used with some experi-
not the compound average hole density but theal hole  mental measurements or others theoretical methods to calcu-

density p(r). For a given value op(r), we use Eqs(10)  |ate T*((p)), as, for instance, the calculations made with the
and(6) to calculate thdocal onset temperature of vanishing Hubbard-Holstein Hamiltoniarf

gap. It is more appropriate to call this temperatllifg p);
therefore, T* (p)=T.(p), and hereafter we will deal only
with T*(p). On the other hand, the pseudogap temperature
of the compound i§* ({p)) =maxXT.(p)}, or simply T*. There are several HTSC phenomena which are not well
Below, in Fig. 3, we present the results for the understood and can be explained with the percolating ideas,
La, ,Sr,CuO, family. We have used a dispersion relation and with our model and calculations:
derived from the Schabedt al*! In their notation, the hop- (1) ARPES measuremenit® revealed the anomalous be-
ping parameters ard=t;=0.35eV, t,/t;=0.55, t3/t; havior of the zero temperature gap({p)) which decreases
=0.29,1,/t;=0.19, andts/t;=0.06. The magnitude of the steadily with the dopindp) althoughT, increases by a fac-
attractive potential was sef/t=-0.40 in order to give a tor of 2 for their underdoped samples. This overall relation
reasonable agreement with many measured valug$ oAs  betweenAy({p)) and T, is totally unexpected, since it is
we already mentioned, different experiments yield com-well known that normal superconductors have a constant
pletely different results folf*. The phase diagram depend value for the ratio A,/kgT,, being 3.75 for usual isotropic
on the hopping parameters and on the attractive potentiabrder parameter and 4.18 for thigz.,» wave solutior?
which is the free parameter in this type of calculation. Thus At low temperatures, since the superconducting phase
varying V/t makes the values of the calculatéld(p) percolates through different regions, each one has a given
change and the position of the optimal density depends oAy(r). Thus tunneling and ARPES experiments detect the

p,<p>

IV. DISCUSSION
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FIG. 4. (a) The probability distribution for the optimal com-

pound with(p)=0.32. (b) The calculated local onset of the vanish- |G, 5. The zero temperature gap for nine samples as measured

ing gap T*[p(r)] and the compound pseudogap temperatureyy Harriset al. (Ref. 29 and our calculations.
T*((p)). The thick arrow showd*({p)), and the dot-dashed ar-

row shows howT({p)) is determined fronT*(p,). The experi-
mental points and the symbols are taking from Ref. 48. Notice tha
values of T* ({p)) refer to the compound average dengipy, and
T*(p) refers to the local onset of a vanishing gap at a cluster o
densityp.

0 1 1
0.05 0.15 0.25

erconducting regions and destroys some of the supercon-
ucting clusters in the film. We have already mentioned the
fecent measurements of magnetic domains aldQverhich

has been interpreted as a diamagnetic precursor to the Meiss-
ner state, produced by performed pairs in underdoped
largest gap present in the compound. Consequehgl(p))  Lap_,SKCuQ, thin films* The existence of superconduct-
must be correlated with the onset of a vanishing §ag(p)) ing clusters betweef™ and T, easily explains the appear-
which is the largest superconducting temperature in thé@nce of local diamagnetic or Meissner domains and, if there
sample, and should not be correlated Witf({p)). As we is a temperature gradient in the sample, the local flux flows
show in Fig. 5, correlating the values plotted in Figo)3for ~ and produces the dynamic flux flow stafe.

T*({p)) with Ay({p)), we are able to give a reasonable fit  (4) Another important consequence which follows is that
for the datd?° on Dy-BSCCO and explains the different en- the superconducting pairing mechanism should be more eas-
ergy scales pointed out by several other authors. ily investigated by experiments performed mainly .

(2) Transport experiments have also been used to stud@®ne such experiment was accomplished by Rubio Temprano
the pseudogapThe underdoped and optimum doped high-é€t al,>* which measured a large isotope effect associated
T. oxides have a linear behavior for the resistivity in thewith T* and an almost negligible isotopic effect associated
normal phase up to very high temperatures. HoweveF*at Wwith T, in the slightly underdoped HoB&u,Og compound.
there is a deviation from the linear behavior and the resistivThe results strongly support the fact that electron-phonon-
ity falls faster with decreasing temperatdr&.This behavior ~induced effects are present in the superconducting mecha-
can be understood by the increasing of superconducting clugism associated witi™*. Bussmann-Holdeet al. also cal-
ter numbers and size, as the temperatures decreases belowatedT* as function of a phonon-induced g&p.

T*. Each superconducting cluster produces a short circuit In order to gain further insight on the nature of the pair
which decreases the resistivity below the linear behavior bepotential, we have measured the resistivity under hydrostatic
tween T* and T.. To obtain a quantitative fitting of this pressure on an optimally doped §igRe, 188 CaCu3Og . 5
effect, we are presently working on a simulation for the re-(Ref. 56 sample. The data indicated a linear increas@’of
sistivity of a linear metallic medium with short circuited re- with the pressure at the same rateTas In the context of our
gions which varies with the temperature. The linear behaviotheory, this result might be in agreement with the phonon
of the resistivity abovel* may be also be explained by a induced mechanism: the inhomogeneities local charge densi-
percolation procedure. The conductivity of inhomogeneougies in a given compound yield varying values for the Fermi
systems has been considered from different percolative agpevel, broadening\N(Eg).2* The applied pressure on a cu-
proaches in order to obtain the correct temperaturgrate with an inhomogeneous charge distribution is also ex-
dependenc> The temperature functional form depends pected to broaden the density of stdteN(Eg), and the

on how the percolation is achieved in the system. main effect of an applied pressure dpis an increase of the

(3) Several measurements made in the presence of a maghonon or Debye frequency. This is seen through a linear
netic field seem to agree with the percolating scenario: Théncrease ofl* (Ref. 56 which also provides a very interest-
magnetotransport measureméhtsm a La_,Sr,CuQ, film ing physical explanation on the origin of the linear pressure
just above the irreversibility line is in agreement with the inducedintrinsic effec®°"*® usually postulated to explain
notion that the magnetic field penetrates partially in the suthe raise ofT . above its maximum value.
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(5) The anomalous behavior found mostly in underdopedished elsewhere together with a new analysis on the behav-
compounds is related with the temperature behavior of théor of H., for high-T, superconductors.
Hall coefficient® R, and the Hall densityr, which is pro-
portional to the average hole density). While in normal V. CONCLUSIONS
metalsny is independent of the temperature, in the normal
phase of many HTSCny increases monotonically as the : . .
temperature increases and saturates at high temper&tdres. local preformed pairs due to an inhomogeneous charge dis-

This anomalous behavior can be explained by the existenc ibutir?n ondt_he Cu@ p}larr:eshprovides a general ap;()jroach 0
of superconducting islands abovg which gradually turn the phase diagram of the high- cuprate superconductors.

into metallic phases as the temperature is raised. Such supérrhe pseudo%ﬁp IS regard(cejd ":‘.S the Igrges.t supe_rcrc])nductlng
conducting regions can be regarded as empty spaces in gigaP among the supérconducting regions in an innomoge-

ordered hole-richmetallio and hole-poor(insulatoy back- neoustcompOl:nd. T?e ﬁ.rlt;]cezlhtemperatmg 'Sdth?. maxi-
grounds. Therefore, as the metallic region increases, it alsgum temperature at whic €se superconducting regions

increases also the number of carriers. However, we have tBercoIate. We have shown, through the calculations pre-

point out that the saturation seems to occur near the roo ented in this paper, that this approach is suitable to repro-

temperature, which is much higher than some of the meaZ!Ce the mgasureﬁic and T* ph"’.‘se diagrams for _seyera!
sured values foir™ . cuprates using a phenomenological real charge distribution
(6) The pseudogap has also been detected through tﬁjéawn from the STM/S data.

specific heat coefficient which undergoes changes b&lbw ‘ On$ of thg tr;dvar?tages ﬁf ourt approachdls tt_hat tthet bair
It is well known that the electronic specific hegtterm of ormation an € pnase conerent superconducting states are

the normal phase is a material dependent and temperatu?éUdied independently. The phase coherence is attained by

independent constant. However, several measurements hap/grcolatlon. On_the other_hand, the paur formation was stud-
detecte@'®17 a suppression in the term in mostly under- ied by a mean field BCS-like method in order to estimate the

doped compounds of different families. In the percolatingOnset of superconducting ga for any doping level. This

approach, with the existence of superconducting clusters b vas tge S|mp:ﬁsttrr:1et?r?d arth tlhe calculﬁtlonil could have
low T*, we can qualitatively explain such depression. While een done with other theoretical approacnes. However, no-

the metallic region specific heat behaves)ds the super- :E'hC: Egﬁ;?eenfa';:ggﬁgzggn r;::gga:glf;::sh?ge_?ﬁgdeg;ce):;lo;v_
conducting region contributes with terms proportional to P P . 9 P

exp(— A(r)/T), which decreases much faster with As the proach is in agreement with trends and id&45which are
' " " . based on data and the experimental fact that HTSC's are
temperature falls below™ and the superconducting region

. ) N e mostly inhomogeneous materials.
increases, its contribution to the specific heat becomes more . o .
) : The method developed also provides insights and intro-
important and produces the overall downturn in theoef- ; ; :
duces an interpretation on several typical anomalous proper-

ficient. For overdoped samples, sinté is very closeT, : . :

this effect may be difficult to be detected and this is theles Of HTSC's: these include the dependence of the zero
: temperature gapo(T) on the hole concentration, the down-

suppression of they term was not seem for overdoped

compound<67 turn of the linear dependence on the resistivity with the tem-
(75) Magﬁetization measurements aboVg in oriented perature, the linear dependence of the hole concentration on

. the temperature, the suppression of the specific heat coeffi-
powder of Yl*XC.&BaZCLbOY has revealed a pattéftwhich cient v, the dependence of* on the pressure, and other
cannot be explained by the usual fluctuation of the magneti-

zation order parametét.Such a pattern was interpreted by mphcaﬂgns Whlch are presently being studied and which
) . . will be discussed in the future.
the formation of superconducting regions above the percolat-

ing thresholdf® as discussed in detail by the percolating
model above. We use the Ginsburg-Landau formd&ftsim
connection with the hole charge distribution introduced in  Financial support of CNPq and FAPERJ is gratefully ac-
Sec. Il in order to provide a quantitative calculation for suchknowledged. J.L.G. thanks CLAF for a CLAF/CNPq post
anomalous induced diamagnetism. The results will be pubeoctoral fellowship.

We have demonstrated that the percolating approach for
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