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IS THE SUPERCONDUCTING STATEFOR THE CUPRATES REACHED THROUGHA PERCOLATION TRANSITION?�E.V.L. de Mello, E.S. Caixeiro and J.L. GonzálezDepartamento de Físi
a, Universidade Federal Fluminenseav. Litorânia s/n, Niterói, Rio de Janeiro, 24210-340, Brazil(Re
eived July 10, 2002)Several re
ent experiments have revealed that the 
harge density � ina given 
ompound (mostly underdoped) is intrinsi
 inhomogeneous withlarge spatial variations. Therefore, it is appropriate to de�ne a lo
al 
hargedensity �(r). These di�eren
es in the lo
al 
harge 
on
entration yield in-sulator and metalli
 regions, either in an intrinsi
 granular or in a stripemorphology. In the metalli
 region, the inhomogeneous 
harge density pro-du
es spatial or lo
al distributions of super
ondu
ting 
riti
al temperaturesT
(r) and zero temperature gap �0(r). We propose that the super
on-du
ting phase in high T
 oxides is rea
hed when the temperature rea
h avalue whi
h super
ondu
tion regions with di�erent 
riti
al temperaturesper
olates. We show also that this novel approa
h is able to reprodu
e thephase diagram for a family of 
uprates and provides new insights on severalexperimental features of high T
 oxides.PACS numbers: 74.72.�h, 74.20.�z, 74.80.�g, 71.38.+iThe non usual properties of high T
 super
ondu
tors have motivated sev-eral experiments and two features have been dis
overed whi
h distinguishthem from the overdoped 
ompounds: �rstly, the appearan
e of a pseudo-gap at a temperature T �, that is, a dis
rete stru
ture of the energy spe
trumabove T
, identi�ed by several di�erent probes [1℄. Se
ond, there are in
reas-ing eviden
es that the ele
tri
al 
harges are highly inhomogeneous up to (andeven further) the optimally doped region [2�4℄. In fa
t, su
h intrinsi
 inho-mogeneities are also 
onsistent with the presen
e of 
harge domains eitherin a granular [3, 4℄ or in a stripe form.In a re
ently letter [5℄ we have proposed a new s
enario in whi
h a givenHTSC 
ompound with an average hole per Cu ion density h�i and with� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(563)



564 E.V.L. de Mello, E.S. Caixeiro, J.L. Gonzálezan inhomogeneous mi
ros
opi
 
harge distribution �(r) has a distributionof small 
lusters, ea
h with a given T
(r). This per
olating s
enario 
anbe understood by analyzing the s
anning SQUID mi
ros
opy magneti
 datawhi
h makes a map of the expelled magneti
 �ux (Meissner e�e
t) domainson LSCO �lms [6℄. This experiment shows the regions where the Meissnere�e
t 
ontinuously develops from near T � to temperatures well below theper
olating threshold T
. Below we show that the per
olating approa
h is
apable to yield quantitative agreement with the HTSC phase diagrams andit provides also new physi
al insight on a number of phenomena dete
ted inthese materials.S
anning Tunneling Mi
ros
opy/Spe
tros
opy (STM/S) [3℄ on optimallydoped Bi2Sr2CaC2O8+x measures nanos
ale spatial variations in the lo
aldensity of states and the super
ondu
ting gap at a very short length s
aleof � 14Å. These results suggest that instead of a single value, the zero tem-perature super
ondu
ting gap assumes di�erent values at di�erent spatiallo
ations in the 
rystal and their statisti
s yield a Gaussian distribution [3℄.New high resolution STM measurements [4℄ have revealed an interestingmap of the super
ondu
ting gap spatial variation for underdoped Bi2212.In order to model the above experimental observations we used a phe-nomenologi
al 
ombination of Poisson and Gaussian distributions for the
harge distribution �(r). Thus, for a given 
ompound with an average 
hargedensity h�i, the hole distribution fun
tion P (�; h�i) or simply P (�) is a his-togram of the probability of the lo
al hole density � inside the sample, sep-arated in two bran
hes or domains. The low density bran
h represents thehole-poor or isolating regions and the high density one represents the hole-ri
h or metalli
 regions. Su
h normalized 
harge probability distributionmay be given byP (�) = (�
 � �) exp��(���
)22(��)2 �(��)2 �2� exp��(�
)22(��)2�� ; for 0 < � < �
 ; (1)P (�) = 0 ; for �
 < � < �m ; (2)P (�) = (�� �m) exp��(���m)22(�+)2 �(�+)2 �2� exp��(�
)22(��)2�� ; for �m < � : (3)The values of �� (�+) 
ontrols the width of the low (high) density bran
h.Here, �
 is the end lo
al density of the hole-poor bran
h. �m is the startinglo
al density of the hole-ri
h or metalli
 bran
h. Both �
 and �m are shownin Fig. 1(a) for the h�i = 0:16 
ase. We 
an get a reliable estimation of the�+ values from the experimental STM/S Gaussian histogram distributionfor the lo
al gap [3℄ on an optimally doped Bi2Sr2CaCu2O8+x [5℄.
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ondu
ting State for the Cuprates Rea
hed . . . 565A

ording to the per
olation theory, the site per
olation threshold o

ursin a square latti
e when 59% of the sites are �lled [7℄. Thus, we �nd thedensity where the hole-ri
h bran
h per
olates integrating R P (�)d� from �mtill the integral rea
hes the value of 0.59 where we de�ne �p.There are several di�erent approa
hes whi
h 
an be used to obtainT �(�(r)). Stri
tly speaking, due to the non-uniform 
harge distribution,we do not have translational symmetry and we should use a method whi
htakes the disorder into a

ount. Sin
e our purpose here is to demonstrate thefeasibility of the per
olating s
enario, we will take the simplest way, that is,we will follow a BCS-like approa
h with an extended Hubbard Hamiltonianto derive a 
urve for the temperature onset of vanishing gap as fun
tionof the lo
al hole 
on
entration �. Using the experimental parameters forthe dispersion relation and hopping integrals derived from experiments andband 
al
ulations appropriate to the LSSCO family [8℄, we derived the onsetof vanishing gap as fun
tion of the doping level. This 
urve is taking as theT �(h�i) boundary as shown in Fig. 1(b).
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Fig. 1. Phase diagram for the LSCO family. To explain how T �(h�i) and T
(h�i) areobtained, we plot in (a) the probability distribution for the optimal 
ompound withh�i = 0:16, P (�; 0:16). The arrows shows T �(0:16) and the per
olation threshold at�p = 0:23 with T
(h�i = 0:16) = T
(0:23). The experimental data are taken fromRef. [9℄ and Tonset is taken from the �ux �ow experiment (open squares) [10℄.The theoreti
al 
urves in Fig. 1 are derived in the following way: For ea
hlo
al density � > �m, the maximum value of T �(�) is equal T �(�m). This isthe onset temperature of the super
ondu
ting gap and, therefore, T �
 (�m) =T �(h�i). T
(h�i) is estimated in the following manner: we 
al
ulate the



566 E.V.L. de Mello, E.S. Caixeiro, J.L. Gonzálezmaximum temperature in whi
h the super
ondu
ting region per
olates inthe metalli
 bran
h. The per
olation o

urs when all the 
lusters with lo
aldensity between �m and �p are super
ondu
ting as shown for h�i = 0:16.The value of �p 
an be seen in the panel following the arrow whi
h showsthat T �(�p = 0:23) is equal the super
ondu
ting 
riti
al temperature of the
ompound, T
(h0:16i).There are several HTSC phenomena whi
h are not well understood and
an be explained with the per
olating ideas derived from our model and
al
ulations. Here we name just a few:� (i) The steady de
rease of the zero temperature gap �0(h�i) with thedoping h�i.� (ii) The resistivity deviation from the linear behavior at T �.� (iii) The existen
e of super
ondu
ting 
lusters between T � and T
easily explains the appearan
e of lo
al diamagneti
 or Meissner do-mains [6℄ and the Nerst �ux �ow e�e
t above T
 [10℄.� (iv) The suppression in the spe
i�
 heat 
 term found in underdoped
ompounds of di�erent families.In summary,we have proposed a quantitative novel and general approa
h tothe phase diagram of the high T
 
uprates super
ondu
tors in whi
h thepseudo-gap is the largest super
ondu
ting gap among the super
ondu
tingregions in an inhomogeneous 
ompound. The 
riti
al temperature T
 is themaximum temperature for whi
h these super
ondu
ting regions per
olates.This method is also suitable to provide insights in the normal phase prop-erties. REFERENCES[1℄ T. Timusk, B. Statt, Rep. Prog. Phys. 62, 61 (1999).[2℄ T. Egami, S.J.L. Billinge, �Physi
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