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Quantum Monte Carlo~QMC! and maximum-entropy techniques are used to study the spectral function
A(p,v) of the one-band Hubbard model with strong coupling including a next-nearest-neighbor electronic
hopping with amplitudet8/t520.35. These values of parameters are chosen to improve the comparison of the
Hubbard model with angle-resolved photoemission~ARPES! data for Sr2CuO2Cl2. A narrow quasiparticle~qp!
band is observed in the QMC analysis at the temperature of the simulationT5t/3, both at and away from
half-filling. Such a narrow band produces a large accumulation of weight in the density of states at the top of
the valence band. As the electronic density^n& decreases further away from half-filling, the chemical potential
travels through this energy window with a large number of states, and by^n&;0.70 it has crossed it entirely.
The region near momentum (0,p) and (p,0) in the spectral function is more sensitive to doping than momenta
along the diagonal from (0,0) to (p,p). The evolution with hole density of the quasiparticle dispersion
contains some of the features observed in recent ARPES data in the underdoped regime. For sufficiently large
hole densities the ‘‘flat’’ bands at (p,0) cross the Fermi energy, a prediction that could be tested with ARPES
techniques applied to overdoped cuprates. The population of the qp band introduces ahiddendensity in the
system which produces interesting consequences when the quasiparticles are assumed to interact through
antiferromagnetic fluctuations and studied with the BCS gap-equation formalism. In particular, a region of
extendeds-wave character is found to compete with thed wave in the overdoped regime, i.e., when the
chemical potential has almost entirely crossed the qp band as^n& is reduced. The present study also shows that
previous ‘‘real-space’’ pairing theories for the cuprates, such as the antiferromagnetic Van Hove scenario,
originally constructed based on information gathered at half-filling, do not change their predictions if hole
dispersions resembling noninteracting electrons with renormalized parameters are used.
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I. INTRODUCTION

Recent studies of Bi2Sr2Ca12xDyxCu2O81d using angle-
resolved photoemission~ARPES! techniques have provide
the evolution of the quasiparticle band as the hole den
changes in the underdoped regime of the highTc
cuprates.1–3 These studies complement previous ARP
analysis of the hole dispersion in the antiferromagnetic in
lator Sr2CuO2Cl2.

4,5 The overall results emerging from thes
experiments can be summarized as follows:~i! the band-
width of the quasiparticle band is a fraction of eV, i.e., n
rower than generally predicted by band-structure calcu
tions. This result suggests that strong correlations
560163-1829/97/56~9!/5597~13!/$10.00
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important in the generation of the quasiparticle dispersi
~ii ! the two-dimensional~2D! t-J model explains accurately
the bandwidth for a hole injected in the insulator, as well
the details of the dispersion along the main diagonal in m
mentum space fromp5(0,0) to (p,p) ~in the 2D square
lattice notation!;4 ~iii ! however, the behavior along the dire
tion from (0,p) to (p,0) is not properly described by thet-
J model which predicts a near degeneracy between mom
along this line,6 in contradiction with experiments. Th
ARPES data for the antiferromagnetic insulator show t
the quasiparticle signal at (p,0) is very weak, and about 0.
eV deeper in energy than (p/2,p/2);4 ~iv! as the density of
holes grows the region near (p,0) moves towards the
5597 © 1997 The American Physical Society
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chemical potential which is approximately reached at the
timal concentration,1 while the main diagona
(0,0)2(p,p) is less affected;~v! at optimal doping remark-
ably ‘‘flat’’ bands at (p,0) near the Fermi energy have be
observed.7

The results of Marshallet al.1 have been interpreted a
providing evidence for ‘‘hole pockets’’ in the underdope
regime caused by short-distance antiferromagnetic corr
tions, although other explanations such as preformed p
are also possible.8,9 As explained before, the standardt-J
model is not enough to provide all the details of the ARP
results at half-filling, and thus presumably it cannot expl
the data away from half-filling either. However, thet-J
model is just one possible Hamiltonian to describe the
havior of holes in an antiferromagnetic background. Wh
the model is attractive for its simplicity, there is no symm
try or renormalizability argument signaling it as unique f
the description of the cuprates. For this reason Nazare
et al.10 recently introduced extra terms in thet-J Hamil-
tonian to improve the agreement with experiments. Add
an electronic hopping along the diagonals of the elemen
plaquettes~with amplitudet8/t520.35) the results for the
insulator were improved since the position of the quasipa
cle ~qp! at (p,0) proved to be very sensitive to the streng
of extra hole hopping terms in the model. Actually, the
peak at this momentum moves towards larger binding e
gies as a negativet8/t grows in amplitude.10 This idea has
been used by several other groups which, in addition to h
pings along the plaquette diagonals, have included hopp
at distance of two lattice spacings with amplitudet9 to obtain
an even better agreement with experiments.11

The purpose of this paper is to report on results for
density dependence of the quasiparticle dispersion co
sponding to the one-band Hubbard model with a ne
nearest-neighbor hoppingt8 working in the strong Coulomb
coupling regime. It is expected that theU-t-t8 and t-t8-J
models produce qualitatively similar physics at largeU/t. As
a numerical technique we use the quantum Monte C
method supplemented by maximum-entropy analysis.
success of thet-t8-J model at half-filling10,11 and the recent
availability of ARPES data in the underdoped regime1–3

prompted us to carry out this study. Note that although
numerical methods used here are powerful, their accurac
limited and, thus, our results are mostly qualitative rat
than quantitative. Nevertheless, from the analysis of
present QMC data and also comparing our results aga
those produced previously for thet-J and Hubbard models
here we arrive to the conclusion that at least some feature
the experimental ARPES evolution of the hole dispers
can be explained using one-band electronic models. Exp
mental predictions are made to test the calculations.
presence of a narrow quasiparticle band in the spectrum
its crossing by the chemical potential as the electronic d
sity is reduced are key features for the discussions below

The present paper is not only devoted to the analysis
QMC results and its comparison with ARPES data, bu
also addresses the influence of hole doping in recently
posed theories for the cuprates.12 In these theories the hol
dispersion is calculated at half-filling and assumed to cha
only slightly as the hole density grows. Hole attraction
assumed to be dominated by the minimization of antifer
-
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magnetic~AF! broken bonds, which implies the presence
an effective nearest-neighbor~NN! density-density attraction
proportional to the exchangeJ. Superconductivity in the
dx22y2 channel is natural in this scenario12 due to the strong
AF correlations.6,13 The interaction of holes is better visua
ized in real space, i.e., with pairing occurring when dresse
holes share a spin polaronic cloud, as in the spin-b
mechanism.14 This real-space picture~see also Ref. 15! holds
even for a small AF correlation length,jAF , and in this sce-
nario there is no need to tune parameters to work very c
to an AF instability as in other approaches.

To obtain quantitative information from these intuitiv
ideas, holes moving with a dispersion calculated using
hole in an AF background,eAF(p), and interacting through
the NN attractive potential mentioned before, have been p
viously analyzed.12 Within a rigid band filling ofeAF(p) and
using a BCS formalism,dx22y2 superconductivity dominate
with Tc;100 K caused by a large density of states~DOS!
that appears in the hole dispersion. The idea has many s
larities with previous scenarios that used van Hove~vH! sin-
gularities in the band structure to increaseTc ,16 although
d-wave superconductivity is not natural in this context unle
AF correlations are included. However, the rigid band fillin
is an approximation whose accuracy remains to be tested
particular, the following questions naturally arise:~i! does
the qp peak in the DOS found at^n&51 survive a finite hole
density;~ii ! to what extent do the changes in the qp disp
sion with doping affect previous calculations in this fram
work; ~iii ! are the ‘‘shadow’’ regions generated by A
correlations14,17–19 important for real-space pairing ap
proaches? With the help of the present QMC results, as w
as previous simulations, in this paper all these issues
discussed. The overall conclusion is that as long as the
density is such that thejAF is at least of a couple of lattice
spacings, the predictions of previous scenarios12 and other
similar theories remain qualitatively the same, in spite
substantial changes occurring in the hole dispersion w
doping.

The organization of the paper is as follows: in Sec. II t
model and details of the numerical method are discuss
Section III contains the QMC-ME results both at half-fillin
and with a finite hole density. In Sec. IV the results a
discussed and compared with ARPES experiments. Impl
tions for real-space theories of highTc are extensively stud-
ied in Sec. V. Results of previous publications are also u
to construct a simple picture for the behavior of electrons
the Hubbard model. Section VI contains a summary of
paper and its experimental predictions.

II. MODEL AND NUMERICAL TECHNIQUE

The one-band Hubbard Hamiltonian with next-neare
neighbor hopping is given by

H52t (
^ ij &,s

~ci,s
† cj ,s1H.c.!2t8 (

^^ ij &&,s
~ci,s

† cj ,s1H.c.!

1U(
i

~ni↑21/2!~ni↓21/2!1m(
i,s

nis , ~1!

whereci,s
† creates an electron at sitei with spin projection

s, nis is the number operator, the sum^ ij & runs over pairs of
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56 5599HOLE-DOPING EVOLUTION OF THE QUASIPARTICLE . . .
nearest-neighbor lattice sites,^^ ij && runs over pairs of lattice
sites along the plaquette diagonals,U is the on-site Coulom-
bic repulsion,t the nearest-neighbor hopping amplitude,t8 is
the plaquette diagonal hopping amplitude, andm the chemi-
cal potential. Throughout this study we will sett51,
t8/t520.35, and use periodic boundary conditions.

Using standard QMC methods,20 we have obtained the
imaginary-time Green’s functions at finite temperature. T
method of maximum entropy21 was used to analytically con
tinue the imaginary-time Green’s functions to obtain t
spectral weight functionA(p,v). Previous studies using thi
method have concentrated on, e.g., the one-dimension22

and two-dimensional Hubbard model at and away fr
half-filling.18,23–25 However, with the next-nearest-neighb
hopping term only a few results have been obtained with
technique26 since the additional hopping amplitude exac
bates the sign problem~which exists even at half-filling!.

In this paper, we present a systematic study of the ev
tion of the spectral function in theU-t-t8 model at electronic
densities ranging from half-filling (^n&51.0) to quarter-
filling ( ^n&50.5) on a 636 lattice at an inverse temperatu
of bt53(T50.33t). The procedure we used to obtain the
results is slightly different from those used before,25,26 and
we believe that it provides more details to the spectral fu
tion. First, approximately 100 000 QMC measureme
sweeps were taken at each density~for a fixed T, t8/t, and
U/t) to obtain accurate statistics for the imaginary-tim
Green’s functions. Once the spectral function was obtai
from the standard ME procedure, we used this spectral fu
tion as a seed for further ME analysis with a reduced co
ficient of the entropya.21,27

In order to work in the realistic strong-coupling regim
sacrifices in the lattice size and temperature had to be m
due to the sign problem.28 The same set of measuremen
shown below in Sec. III could have been performed on
838 lattice. However, it would have required a higher te
perature (bt52) to obtain good statistics on the imaginar
time Green’s functions thereby washing out parts of the q
siparticle features that become prominent at low
temperatures. Since at half-filling andbt52, the 636 and
838 lattices give qualitatively similar results and we we
able to reach a lower temperature using the smaller latt
then we decided to use the 636 cluster throughout the pa
per.

III. QMC RESULTS

A. Half-filling

In Fig. 1, the QMC results obtained at half-filling fo
U510t, T5t/3, and t8/t520.35 are shown. Figure 1~a!
containsA(p,v) after the ME analysis of the QMC data. Th
asymmetry of most of the dominant peaks suggests that
are a combination of at least two features located at diffe
energies. This is reasonable since previous calculations
theU-t model~see, e.g., Ref. 25! have established that belo
the chemical potentialA(p,v) is made out of a quasiparticl
~qp! peak nearm, carrying a small fraction of the tota
weight, and a broad incoherent~INC! feature at larger bind-
ing energies containing the rest of the weight.A(p,v) have
been fitted by two Gaussians with positions, widths, a
e
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FIG. 1. ~a! Spectral functionsA(p,v) of the U-t-t8 Hubbard
model atU/t510, t8/t520.35, andT5t/3, using QMC-ME tech-
niques on a 636 cluster. The density iŝn&51.0. From the bottom,
the momenta are along the main diagonal from (0,0) to (p,p),
from there to (p,0), and finally back to (0,0);~b! energies of the
dominant peaks in the spectral functions. The results in the P
region are obtained from a two-Gaussian analysis of the QMC-
results. The squares correspond to the incoherent part of the s
trum ~INC! and its error bars are not shown. The full circles for
the quasiparticle~qp! band, and their diameter is proportional to th
intensity. The error bars are given by the width at half the heigh
the Gaussian corresponding to the qp peak at each momenta
upper Hubbard band is also shown~open circles! without error bars;
~c! density of statesN(v) obtained by summing theA(p,v)’s.
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5600 56DANIEL DUFFY et al.
weights adjusted to match the ME result, keeping the ove
weight constant. The same study was performed above
chemical potential in the inverse photoemission~IPES! re-
gime but such analysis did not provide interesting inform
tion since the weight of the peak the closest tom is very
small, especially away from half-filling. Then, within the a
curacy of the present QMC-ME study, the upper Hubb
band is described as just containing a broad featureless
for each momentum. The two-peak decomposition anal
reported here will, thus, be limited to the PES part of t
spectrum. However, note that at least at half-filling it
likely that the IPES portion of the spectrum contains a~low
intensity! qp-like feature. In particular, ast8/t→0 particle-
hole symmetry must be recovered, and here the peaks
pearing in the PES region must also exist in the IPES regi
Nevertheless, in Sec. III B below we will show that at fini
hole densities the qp band at the bottom of the UHB car
such a small weight that it can be neglected.

Following this fitting procedure, in Fig. 1~b! the energy
position of the peaks as a function of momentum is sho
As anticipated, belowm a feature at the top of the valenc
band appears. It is natural to associate this peak with a ‘‘q
siparticle band.’’ The bandwidth is roughly 2t, i.e., much
smaller than for free electrons on a lattice. However, it is
as small as predicted byt-J model calculations,6 which may
be due to the influence oft8 or a finiteU/t. The top of the qp
band is located along the main diagonal from (0,0)
(p,p), in agreement with previous literature.6 The influence
of the nonzero next-nearest-neighbor~NNN! hoppingt8 ap-
pears in the energy position of the qp band at (p,0) which is
deeper in energy than (2p/3,2p/3) and (p/3,p/3) @while for
t8/t50.0, (p,0) is located very close to the top of the ba
in contradiction with ARPES experiments for cupra
insulators4#. It is likely that on larger clusters (p/2,p/2)
would correspond to the actual top of the qp band, as p
dicted before.6 The overall shape of the qp band is similar
that calculated in thet-J model using the self-consisten
Born approximation.10

It is interesting to note that the qp band includes mom
tum (p,p), although with a very small intensity. This i
reasonable for two reasons:~i! first, the presence of a
charge gap in the spectrum, as clearly seen in Fig. 1~b!,
suggests that bands starting, say, at (0,0) cannot simply
appear at some other momentum by crossingm. By continu-
ity they have to extend all along the Brillouin zone~unless
their qp weight vanishes!; ~ii ! in addition, the presence o
strong antiferromagnetic correlations implies a doubling
the unit cell of dynamical origin and thus ‘‘shadow band
features should appear in the spectrum, as discusse
several models with strong antiferromagnetic cor
lations.14,17–19,24,30,29,31In other words, AF introduces an ex
tra symmetry in the problem that linksp with p1(p,p).
These shadow features are certainly weak compared to
rest of the band, but are nevertheless present in the spec
of Fig. 1~b!.

The rest of the spectral weight is contained in the bro
incoherent feature at energies deeper than the qp peak
also in the upper Hubbard band~UHB!. The latter presents
some nontrivial momentum dependence near (p,p). This
behavior seems a remnant of the results for noninterac
electrons. Finally, Fig. 1~c! contains the density of state
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~DOS! N(v)5(pA(p,v) at half-filling. The gapD;5t and
the sharp qp band can be clearly identified.

B. Finite hole density

Figure 2 contains the QMC-ME results obtained at de
sity ^n&50.94, with the rest of the parameters as in Fig. 1.
Fig. 2~a! the spectral weightA(p,v) is shown. There are
several interesting features in this result. For example,
upper Hubbard band has lost weight compared with result
^n&51.0. This is not surprising since as the hole dens
grows the chances that an electron injected in the lattice
populate already occupied sites is reduced.

The most interesting physical consequences of hole d
ing are obtained in the PES region. Here the chemical po
tial has moved to the top of the valence band, more spe
cally into the qp band. Figure 2~b! shows the results of a
two-peak analysis of the PES region similar to that p
formed at half-filling. Interpolating results along the ma
diagonal, it is observed that the qp peak at moment
p5(p/2,p/2) should be approximately at the chemical p
tential for this density, while (p,0) is still about 2t below.
The qp band has distorted its shape in such a way that
siderable weight has been moved abovem in the vicinity of
(p,p). Actually, now the qp band resembles a more st
dard tight-binding dispersion although with a renormaliz
hopping amplitude smaller than the bare one. Note, howe
that the position of the qp peak at momentum (0,0) is som
what pathological since it is located above the chemical
tential. We do not have an explanation for this anomalo
behavior, which likely is caused by the maximum entro
procedure. The incoherent part of the spectrum is also cle
visible in the calculation. At this density it remains entire
filled, i.e., the electrons removed from the system have b
taken from the qp band. Finally, note that the shadow f
tures are no longer prominent. This is correlated with a s
stantial reduction of the antiferromagnetic correlation len
jAF at this density and temperature compared with the res
at half-filling. This is not in contradiction with claims tha
recently observed features in ARPES are induced
antiferromagnetism17,18 since at very low temperaturesjAF
likely remains robust for a larger hole density region ne
half-filling than it occurs at the relatively high temperatu
T5t/3. In Fig. 2~c!, the DOS for̂ n&50.94 is shown. The qp
band is sharp, andm lies slightly to the right of the top of this
band@see inset of Fig. 2~c!#. A pseudogap generated by th
large couplingU/t is still clearly visible.

Figure 3~a! contains the QMC-ME results obtained
^n&50.84. Compared with the results at^n&50.94, nowm is
located deeper inside the qp band according to the t
Gaussian analysis presented in Fig. 3~b!. Interpolations
clearly show thatp5(p/2,p/2) for this band is now in the
IPES region, while (p,0) is at or very close tom but still in
the PES regime. The incoherent weight in PES remains
bust. Figure 3~c! shows the DOS at this density.m is located
slightly to the left of the qp band maximum, the pseudog
has virtually melted, and there is only a tiny trace of t
upper Hubbard band. The presence of (p,0) very close tom
is correlated with experimental results showing ‘‘flat band
near the Fermi energy at optimal doping.7,32,30,33
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FIG. 2. ~a! Spectral functionsA(p,v) of the U-t-t8 Hubbard
model atU/t510, t8/t520.35, andT5t/3, using QMC-ME tech-
niques on a 636 cluster. The density iŝn&50.94. From the bot-
tom, the momenta are along the main diagonal from (0,0) to (p,p),
from there to (p,0), and finally back to (0,0);~b! energies of the
dominant peaks in the spectral functions. The results in the P
region are obtained from a two-Gaussian analysis of the QMC-
results. The squares correspond to the incoherent part of the s
trum ~INC! and its error bars are not shown. The full circles for
the quasiparticle~qp! band, and their diameter is proportional to th
intensity. The error bars are given by the width at half the heigh
the Gaussian corresponding to the qp peak at each momenta
upper Hubbard band is also shown~open circles! without error bars;
~c! density of statesN(v) obtained by summing theA(p,v)’s. The
inset shows the top of the qp peak in more detail.
S
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FIG. 3. ~a! Spectral functionsA(p,v) of the U-t-t8 Hubbard
model atU/t510, t8/t520.35, andT5t/3, using QMC-ME tech-
niques on a 636 cluster. The density iŝn&50.84. From the bot-
tom, the momenta are along the main diagonal from (0,0) to (p,p),
from there to (p,0), and finally back to (0,0);~b! energies of the
dominant peaks in the spectral functions. The results in the P
region are obtained from a two-Gaussian analysis of the QMC-
results. The squares correspond to the incoherent part of the s
trum ~INC! and its error bars are not shown. The full circles for
the quasiparticle~qp! band, and their diameter is proportional to th
intensity. The error bars are given by the width at half the heigh
the Gaussian corresponding to the qp peak at each momenta
upper Hubbard band is also shown~open circles! without error bars;
~c! density of statesN(v) obtained by summing theA(p,v)’s.
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Figure 4 contains the QMC results obtained at^n&50.78.
This density is particularly interesting since nowm seems to
have crossed most of the qp band.34 This can be observed
directly in the spectral weight@Fig. 4~a!#, and in its two-peak
analyzed output@Fig. 4~b!#. This detail will have interesting
consequences for some theories of high-Tc cuprates, as de
scribed later in this paper. The DOS is shown in Fig. 4~c!.
The same trend is also observed at^n&50.65 for which here
only the DOS is shown~Fig. 5!. At this density the qp band
is empty, and the INC feature becomes sharper presum
due to its proximity to the chemical potential. It is interesti
to note that the chemical potential in Fig. 5 is located a
sharp minimum in the density of states.

Results at̂ n&50.47 ~Fig. 6! show that the qp band ha
melted, and at this low density, the spectral weight is do
nated by features that can be traced back to the incohe
part of the PES spectrum at half-filling@Fig. 6~a!#. In Fig.
6~b! the position of the dominant peak is given as a funct
of momentum, and in Fig. 6~c! the DOS is shown. It is in-
teresting that now the results are nicely fitted by the non
teracting tight-binding dispersion@solid line in Fig. 6~b!#.
Thus, the ‘‘free-electron’’ limit is approximately recovere
in the strong-coupling regime at ‘‘quarter-filling.’’ Again
note that the peak structure in the spectrum seems to
emerged from the incoherent part of the valence band
served at half-filling.

IV. COMPARISON OF QMC-ME RESULTS
WITH ARPES EXPERIMENTS

As discussed in the Introduction, ARPES results ha
shown that the quasiparticle peak atp5(p,0) is very sensi-
tive to hole doping at least in the underdoped regime.1,2 For
the same densities, the qp dispersion along the main diag
from (0,0) to (p,p) does not change as much. In this secti
it will be investigated if the numerical results of Sec. III a
compatible with the ARPES data.

In Fig. 7, we schematically show what occurs upon do
ing when a tight-binding dispersion including a NN hoppi
amplitude t* , and a NNN amplitudet8* with a ratio
t8* /t* 520.35 is used. The reason for this exercise is t
the QMC-ME results of Sec. III have shown that rapid
upon hole doping the quasiparticle dispersion resembles
of a renormalized noninteracting set of electrons. Then,
interesting to analyze what would occur with such dispers
as the densitywithin the qp bandchanges~i.e., the density
^n& shown in Fig. 7 must be considered as the filling of t
qp band, rather than the density of the whole system!. It is
clear from the figure that (p,0) is intrinsically more sensitive
to doping than the main diagonal. Actually the results
semble in part those of Marshallet al.1 especially the experi-
mental ARPES dispersion corresponding to slightly und
doped samples of Bi2212 withTc585 K, as well as previous
experiments for optimally doped samples,7 where the qp
band crosses the chemical potential between (p,p) and
(p,0). This led us to conjecture that the ARPES experime
in the slightly underdoped regime may have observed
hole filling of a ‘‘free like,’’ but narrow, qp band. If this
speculation is correct, then it is here predicted that (p,0) will
eventually cross the chemical potential when the system
comes overdoped, as Fig. 7 shows. To the best of our kno
ly
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FIG. 4. ~a! Spectral functionsA(p,v) of the U-t-t8 Hubbard
model atU/t510, t8/t520.35, andT5t/3, using QMC-ME tech-
niques on a 636 cluster. The density iŝn&50.78. From the bot-
tom, the momenta are along the main diagonal from (0,0) to (p,p),
from there to (p,0), and finally back to (0,0);~b! energies of the
dominant peaks in the spectral functions. The results in the P
region are obtained from a two-Gaussian analysis of the QMC-
results. The squares correspond to the incoherent part of the s
trum ~INC! and its error bars are not shown. The full circles for
the quasiparticle~qp! band, and their diameter is proportional to th
intensity. The error bars are given by the width at half the heigh
the Gaussian corresponding to the qp peak at each momenta
upper Hubbard band is also shown~open circles! without error bars;
~c! density of statesN(v) obtained by summing theA(p,v)’s.
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edge there are no ARPES results in this regime. Experim
tal work for overdoped cuprates would clarify the issue
whether the ‘‘flat bands’’ found in the optimal regime rema
locked nearm or smoothly cross the Fermi energy as the h
doping increases. Our results favor the latter, at least wi
the resolution of the QMC-ME methods.

Further evidence that (p,0) travels across the chemic
potential is given in Figs. 8~a! and 8~b!. ThereA(p,v) with
p5(p,0), taken from Figs. 1~a!–6~a!, is shown again adding
also results for densitieŝn&50.89 and 0.65 for complete
ness. The peak at this momentum belonging to the qp b
crossesm at a densitŷ n&'0.82. Then, as the hole densi
grows, a movement up in energy of thep5(p,0) quasipar-
ticle is clearly observed, as in ARPES experiments.35 At a
larger hole density, such as quarter-filling, the qp peak, n
in the IPES regime, reduces substantially its weight and
appears. At this density the feature associated with the in
herent part of the spectrum at half-filling is now locat
close to the Fermi energy, contributing to the dispersion t
resembles theU50 result @Fig. 6~b!#. The UHB rapidly
loses weight moving away from half-filling. Figures 9~a! and
9~b! show similar results but forp5(2p/3,2p/3), which is
representative of the behavior along the main diagonal on
636 cluster. The qp associated to this momentum cros
the chemical potential at a smaller hole dens
(^n&'0.95).

Summarizing the results of this section, in Fig. 10 thr
representative qp dispersions obtained with QMC-ME me
ods ~Sec. III! are shown. For the half-filled case the resu
are accurately known from the self-consistent Bo
approximation,10 and (p,0) is clearly below the chemica
potential, which here is arbitrarily located at the top of t
band. Note that the intensity of the qp peak is much wea
near (p,p) than for other momenta at half-filling. For sma
hole doping densities, such as^n&50.84, a ‘‘freelike’’ but
narrow quasiparticle band is observed in QMC simulatio
~also in studies of theU-t model36,25! and (p,0) is now at the
Fermi energy. The vicinity of (p,p) is the region affected
the most by hole doping due to the reduction of antifer
magnetic correlations. Finally, at lower densities, such

FIG. 5. Density of statesN(v) corresponding to theU-t-t8
Hubbard model atU/t510, t8/t520.35, and T5t/3, using
QMC-ME techniques on a 636 cluster. The density iŝn&50.65.
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FIG. 6. ~a! Spectral functionsA(p,v) of the U-t-t8 Hubbard
model atU/t510, t8/t520.35, andT5t/3, using QMC-ME tech-
niques on a 636 cluster. The density iŝn&50.47. From the bot-
tom, the momenta are along the main diagonal from (0,0)
(p,p), from there to (p,0), and finally back to (0,0);~b! energies
of the dominant peaks in the spectral functions. The solid line is
dispersion in the noninteracting limitU/t50.0 on a large cluster;
~c! density of statesN(v) obtained by summing theA(p,v)’s.
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5604 56DANIEL DUFFY et al.
^n&50.78, the chemical potential has crossed the qp b
and now (p,0) is above the Fermi energy. We consider th
the scenario depicted in Fig. 10 for the density evolution
the qp dispersion can provide a simple qualitative expla
tion for the ARPES results found experimentally. It predic
that the qp peak at (p,0) will eventually disappear from the
ARPES signal into the IPES region, an effect that could
tested experimentally. At densities intermediate betw
^n&51.0 and 0.84, the peak at (p,0) should evolve smoothly
between these two limits, and thus close to half-filli
‘‘pseudogap’’ features will likely appear in simulations
lower temperatures could be reached. Reducing the temp
ture belowT5t/3 is particularly important for the generatio
of strong spin fluctuations which are crucial to induce t
quasiparticle dispersion at half-filling shown in Fig. 10. No
that ‘‘shadow’’ features should actually be present
^n&50.84 but they are too weak to be detected by QMC-M

FIG. 7. Density evolution of a noninteracting band, referred
the chemical potential, as its density changes~shown in the figure!.
For details see the text.

FIG. 8. ~a! Energy of the quasiparticle~referred to the chemica
potential! in units of t for the U-t-t8 Hubbard model using the
parameters of Figs. 1–6. The results here correspond to mome
p5(p,0). The solid circles, squares, and open circles are the
INC, and UBH positions for this momentum;~b! quasiparticle spec-
tral function corresponding to momentump5(p,0) for several den-
sities^n& ~indicated!. The small triangles show the positions of th
dominant peaks in the two-Gaussian analysis of the PES data.
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methods, and probably also by ARPES experiments wh
have large backgrounds in their signals. Thus, the existe
of hole pockets cannot be shown from the current Mo
Carlo simulations available.

V. IMPLICATIONS OF QMC RESULTS
FOR SOME THEORIES OF HIGH Tc

In this section, the implications of our QMC results fo
recently proposed scenarios for high-Tc cuprates will be dis-
cussed. Two features found in the simulation will be impo
tant, namely the ‘‘tight-binding’’ shape of the qp band
finite hole density~although with renormalized parameter!
and the crossing of the qp band bym for densities in the
approximate range 0.70<^n&<1.0.

um
p,

FIG. 9. ~a! Energy of the quasiparticle~referred to the chemica
potential! in units of t for the U-t-t8 Hubbard model using the
parameters of Figs. 1–6. The results here correspond to mome
p5(2p/3,2p/3). The solid circles, squares, and open circles are
qp, INC, and UBH positions for this momentum;~b! quasiparticle
spectral function corresponding to momentump5(2p/3,2p/3) for
several densitieŝn& ~indicated!. The small triangles show the po
sitions of the dominant peaks in the two-Gaussian analysis of
PES data.

FIG. 10. Best fits of the QMC-ME quasiparticle dispersion co
responding to densitieŝn&50.84 and^n&50.78. The results at
^n&51.0 are taken from Ref. 10 arbitrarily locating the top of t
band at the chemical potential.
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A. Large peak in the DOS

As explained in the Introduction, the presence of ‘‘fla
regions in the experimental normal-state qp dispersion
remarkable feature of the phenomenology of hole-do
cuprates.7 These flat bands are located around mome
p5(p,0) and (0,p), and at optimal doping they are;10
meV below the Fermi energy.7 Studies of holes in the 2D
t-J and Hubbard models at and away from half-filling ha
suggested that antiferromagnetic correlations may play
important role in the generation of these features.32,30,33,36

Our results for theU-t-t8 model suggest the presence of fl
bands in the regime close to^n&50.84, although care mus
be taken with the finite resolution of the ME-generated
peaks. But even if these flat regions were not quantitativ
described by one-band electronic models, the intrinsic sm
bandwidth of the qp band at small hole density could
enough to induce a large peak in the DOS which can be u
to enhance the superconducting critical temperature, on
source of hole attraction is identified. This leads to a natu
explanation for the existence of an ‘‘optimal doping’’ whic
in this framework occurs when the peak in the qp band
reached bym.12 It is also natural to label as ‘‘underdoped
the regime wherem is to the right of the ‘‘flat band’’ peak
~i.e., at higher energies!, and ‘‘overdoped’’ when it is to the
left ~i.e., at lower energies!.37

Previous analytical calculations12assumedthe survival of
the large DOS obtained at half-filling as the density of ho
grows. The results of our simulations~Sec. III! allow us to
study the evolution of the DOS with hole density and jud
if these ideas are realistic. The presence of a robust qp p
is certainly confirmed by our results, and Figs. 1~b!–4~b!
show that aŝn& decreases from 1, the qp band is crossed
m as conjectured before.12 The DOS of the standardt-J and
Hubbard models~with t850) also have a large peak in th
DOS, as found in previous numerical simulations. For co
pleteness, here those results are also presented. In Fig. 1~a!,
N(v) for the 2Dt-J model obtained with exact diagonaliza
tion ~ED! techniques is shown at several densities.6 At half-
filling, a large DOS peak appears at the top of the vale
band.32 Note that substantial weight exists at energies
from m, i.e., the large peak carries only a fraction of the to
weight, in agreement with the QMC simulations of Sec. I
In the t-J model, the maximum in the DOS is not strict
located at the top of the valence band but at slightly sma
energies.32 This effect is enhanced by addingt8 hopping
terms to thet-J Hamiltonian, as shown in the simulatio
results of Sec. III. Aŝn& decreases, the peak in Fig. 11~a! is
now much broader but it remains well defined.
^n&;0.88, m is located close to the energy whereN(v) is
maximized. At^n&;0.75, m moves to the left of the peak
These results are quantitatively similar to those of our QM
simulations for theU-t-t8 model, and also with results fo
the t8/t50.0 Hubbard model@Fig. 11~b!#. Thus, while accu-
rate extrapolations to the bulk limit are difficult, the simp
qualitative picture emerging from these studies, namely
strong correlations generate a qp peak in the DOS whic
crossed bym, seems robust.

As explained before, this qp peak crossing of the DOS
important since once a source of hole attraction exists in
system, a superconducting~SC! gap would open atm, and
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the resultingTc could be enhanced due to the large numb
of states available. The numerical results, both QMC a
ED, are thus compatible with scenarios where a largeTc is
obtained due to an increase inN(m). Since the peak width
increases substantially with hole density, strictly speak
the rigid band filling of the half-filled hole dispersion is in
valid. However, such an approximation seems to have c
tured part of the qualitative physics of the problem, since
DOS peak is not washed out by a finite hole density.

In the cases discussed here, i.e., theU-t-t8 and t-J mod-
els, calculations of the spin-spin correlations show thatjAF is
approximately a couple of lattice spacings whenm is located
near the DOS peak, becoming smaller as the overdoped
gime is reached. Thus, a nonzerojAF and m near a large
DOS peak arecorrelated features. It is in this respect tha
scenarios where AF correlations produce a large DOS
enhancesTc ~Ref. 12! differ from vH theories where diver-
gences in the DOS are caused by band effects already pre
before interactions are switch on.16

While the existence of a robust peak in the DOS is
good agreement with ARPES data,7 it is in apparent dis-
agreement with specific heat studies for YBCO.38 The lack
of p resolution in the specific-heat measurements may so
this puzzle. Actually, angle-integrated PES results for
Bi2212 do not show the sharp flat features found in ARP
for the same material.39,40 Similar effects may affect the
specific-heat data which should be reanalyzed to search
DOS large peaks.

B. Kondo resonances vs AF-induced quasiparticle

Previous QMC-ME studies of the Hubbard model f
t8/t50.0 ~Refs. 36, 41 and 18! reported results qualitatively
similar to those shown in Fig. 11~b!, where the DOS ob-
tained on a 434 cluster is presented for the one-band Hu
bard model atU/t512, andT5t/4. The ME technique used

FIG. 11. ~a! N(v) for the 2D t-J model obtained with exac
diagonalization techniques averaging results for clusters with
and 18 sites, atJ/t50.4 and for the densities indicated. Thed
functions were given a widthh50.25t. Similar results were found
at other values ofJ/t; ~b! N(v) for the one-band Hubbard mode
obtained on a 434 cluster using QMC and ME, but without reduc
ing the coefficient of the entropy as in Sec. III. The temperature
T5t/4 andU/t512. Densities are indicated.
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5606 56DANIEL DUFFY et al.
in Fig. 11~b! is the same as in those previous simulatio
and it does not have the resolution of the present ME va
tion discussed in Sec. III. The crossing of a peak in the D
by m is clearly observed in these ME simulations but
half-filling there are no qp peaks. Figure 11~b! can thus be
naively interpreted as the ‘‘generation’’ by doping of
Kondo-like peak at the top of the valence band which d
not exist at̂ n&51. However, our current results@Fig. 1~c!#
actually show that at̂ n&51.0 a well-defined qp peak i
present, as predicted by a variety of studies of the zero t
peraturet-J model with one hole.6,25 Also experimentally in
the cuprates it has been already established39 that the states
observed in PES upon doping are already present in the
sulator and arenot Kondo resonances. Thus, Figs. 1~b!–4~b!
provide evidence that the qp features observed at^n&,1 are
smoothly connected to peaks already present at half-fill
Similar conclusions have also been obtained in geome
other than the 2D square lattice, such as at-J ladder.31,42

C. dx22y2 in the Hubbard model

The results of Figs. 1~b!–6~b! show that the qp band i
very sensitive to doping, at least at the temperatures
couplings used in this QMC-ME study. In particular a fe
percent hole doping is enough to transform the half-filli
dispersion, containing the extra symmetry induced by lo
range AF order, into a tight-binding-like dispersion althou
with a small hopping amplitude. These results are simila
others previously published in the literature. For example
Figs. 12~a! and 12~b! the qp dispersion at̂n&51 and at
^n&;0.87 for thet-J model is reproduced from Ref. 25~for
Hubbard model results, see Refs. 36 and 43!. Upon doping,
vestiges of the flat regions remain, inducing a large pea
the DOS ~see Fig. 11!. However, the region aroun
p5(p,p) has changed substantially, i.e., the AF shad

FIG. 12. ~a! qp energy vs momentum obtained at half-fillin
using thet-t8-J ~from Refs. 32 and 12!. The result shown, which we
call eAF(p), is a good fit of Monte Carlo data on a 12312 cluster at
J/t50.4; ~b! qp dispersion vs momentum at^n&50.87 andJ/t50.4
using exact diagonalization of 16- and 18-site clusters for thet-J
model ~from Ref. 25!. The open~full ! circles are IPES~PES! re-
sults. Their size is proportional to the peak intensity. The solid l
is the fit eNN(p) described in the text;~c! V(x) along thex-axis
after Fourier transforming the smeared potentialV(p)5d(p2Q)
~see text!. jAF is given in lattice units.
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region observed at̂n&51 reduced its intensity and consid
erable weight was transferred to the IPES region. The
dispersion at̂n&;0.87 of thet-J model can also be fitted by
a tight-binding nearest-neighbor~NN! dispersion with a
small effective hopping likely associated withJ. Then, both
previous literature results and the present simulations a
on the qualitative aspects of the evolution with doping
A(p,v).

The changes in the qp dispersion with hole doping can
interpreted in two ways. First, note thatA(p,v) is influenced
by matrix elements ofbare fermionic operators connectin
states withN andN61 particles. This is important when th
qp weight is small, i.e., when the statecpsug.s.&N does not
have a large overlap with the ground state of theN21 par-
ticles subspaceug.s.&N21 (ug.s.&N being the ground state with
N particles!. If the hole excitation is instead created by a ne
operatorgps that incorporates the dressing of the hole
spin fluctuations, thengpsug.s.&N may now have a large over
lap with ug.s.&N21.44,45 In other words, if the dressed hol
state resembles an extended spin polaron, then the ph
deduced from PES studies, which rely on the sudden
moval of a bare electron from the system, may be misle
ing. To the extent that spin polarons remain well defined
finite density, the use ofgps will induce spectral weight
rearrangements between the PES and IPES regions, an
results at small hole density could resemble those at h
filling after such spectral weight redistribution takes place
this idea were correct, then the study of superconductiv
and transport, both regulated bydressedquasiparticles, could
indeed be handled by filling a rigid band given byeAF(p). It
is likely that this idea will work in the underdoped regim
where jAF is robust, and results for 2D clusters45 and
ladders46 already support these claims. Note that the fact t
the bandwidth at finite hole density remains much sma
than 8t shows that strong correlations still play an importa
role in the dispersion. It is interesting to remark that stric
speaking a rigid band filling of the dispersion shown in F
12~a! can generate IPES weight near (p/2,p/2), but never at
(p,p). Such IPES (p,p) states exist at finite hole density a
shown in Fig. 12~b!. Thus, the rigid band filling will always
be an approximation and it can never be exact. Neverthe
it is possible that large weight changes introduced by the
of quasiparticle operators can produce a spectral func
that approximates well Fig. 12~a!, i.e., having a tiny weight
at the IPES (p,p) states. More work is needed to clarify
dressed operators are a useful concept in the contex
lightly doped antiferromagnets.

An alternative is that the difference between Figs. 12~a!
and 12~b! for the t-J model and Figs. 1~b! and 2~b! for
the U-t-t8 model correspond to an intrinsic change in t
qp dispersion asjAF decreases. This is the less favorab
case for the real-space pairing approaches12 which are con-
structed at half-filling, and thus we should analyze this p
sibility in detail here. For this purpose, we have applied
standard BCS formalism to an effective model with a lo
density of quasiparticles having a dispersioneNN(p)/eV
520.2(cospx1cospy) ~assumingt50.4 eV!, which roughly
reproduces the dominant features of Fig. 12~b!. @The reader
should not confuse this dispersion with that of free partic
whose bandwidth is four times larger. A large amount
incoherent weight is still observable at the density of F
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12~b! although it is not shown explicitly. The same occu
in Fig. 2~b! for the U-t-t8 model.# As described before
to studyTc we should include a NN attraction induced b
AF between these quasiparticles. While naively
may seem dubious to use the same interaction both at
away from half-filling, the hole-hole potential should n
be much affected at distances shorter thanjAF . This can
be illustrated by a real-space analysis@Fig. 12~c!# of
a smeared d-function potential of AF origin V(q)
5jAF /@11jAF

2 (q2Q)2], where the lattice spacing is set to
and Q5(p,p). Figure 12~c! shows that the NN potentia
(x51) does not change noticeably asjAF is reduced, while
V(x.1) is rapidly suppressed. Then, using the same
form of the potential for many densities should not be a b
approximation.47

To analyze the stability of previous calculations let
then use the tight-binding dispersioneNN(p) obtained from
the numerical analysis in the BCS gap equation. Solving
merically the gap equation,Tc is shown in Fig. 13~a!. As
reported before,12 superconductivity atTc;80–100 K in the
dx22y2 channel appears naturally if the hole dispers
eAF(p) at half-filling is used. Nevertheless, if insteadeNN(p)
is used, the vestiges of the flat bands present in this nar
dispersion produceTc;30 K which is still large.48 The criti-
cal temperature may be further enhanced if attraction at
tances larger than one lattice spacing are considered, a
served in a recent self-consistent Eliashberg-Ans
calculation within the fluctuation exchange approximation48

Even more remarkable is the fact that thedx22y2 character of
the SC state is maintained. This result can be unders

FIG. 13. ~a! Tc vs m obtained with the BCS gap equation, wit
m50 as the chemical potential corresponding to the saddle po
The dashed line corresponds to results usingeAF(p), and the solid
line to eNN(p). Interpolations between these two-extreme cases
be easily constructed using two-band models with weights regul
by Z factors ~actually we calculatedTc using a two-pole Green’s
function in the gap equation and the result smoothly interpola
between those shown in the figure!. Note the presence of bot
dx22y2-wave and extendeds-wave SC;~b! Tc for d-wave SC vs the
percentagex of filling of the qp band~i.e., not of the full system!.
The dashed line is the same as in~a!. The solid line corresponds to
the BCS gap equation result making zero the weightZp of states in
the qp dispersion that are at energies from the saddle point la
than 2.5% of the total bandwidth~i.e., basically including states
only in a window of energy;125 K around the flat regions!. The
dot-dashed line is the same but using a window of;250 K around
the flat regions.
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noticing that a combination ofeNN(p) with an attractive NN
potential effectively locates the Hamiltonian in the family
‘‘ t-U-V’’ models with U repulsive andV attractive, where it
is known that for a ‘‘half-filled’’ electronic band the domi
nant SC state isdx22y2-wave.49 In other words, whenm is at
the flat region of theeNN(p) dispersion it approximately cor
responds to an effective ‘‘half-filled’’ qp band resembling
free electron dispersion~but with smaller bandwidth!, lead-
ing to adx22y2-wave SC state@Fig. 13~a!#. Then, even if the
qp dispersion changes substantially with doping near
Q5(p,p) point, such an effect doesnot seem to alter the
main qualitative features found in previous studies.12 This is
a remarkable result, and it is caused by the rapid depop
tion of the qp band as the hole density grows. Then, wh
^n& governs the actual global density of the system, ther
a subtlehiddendensity~i.e., the population of the qp band!
that may influence considerably on the physics of the pr
lem. At ^n&50.78 and for theU-t-t8 model, this qp band is
nearly empty while globally the system is still close to ha
filling. While the use ofeAF(p) or eNN(p) is certainly a
rough approximation, the existence of a robustTc and
d-wave superconductivity in both cases suggests that sim
results would be obtained using more realistic models for
hole pairing interaction.

D. Influence of shadow bands on SC

The present analysis also shows that the AF ‘‘shado
regions of the half-filling hole dispersioneAF(p) are not cru-
cial for the success of the real-space approach. Us
eNN(p), which does not contain weight in PES near (p,p),
Tc is still robust and thed-wave state remains stable, a
shown in the previous subsection. To establish this re
more clearly, we analyzedTc using eAF(p) but modulating
the contribution of each momentum with ap-dependent
weight Zp in the one-particle Green’s function. We consi
ered the special case whereZp is zero away from a window
of total width W centered at the saddle point, which is l
cated in the flat bands region. Inside the windowW, the
weight is maximum, i.e.,Zp51. Such a calculation also ad
dresses indirectly possible concerns associated with wi
;@eAF(p)2eF#2 that qp peaks would acquire away fro
half-filling in standard Fermi liquids (eF is the Fermi en-
ergy!. Results are shown in Fig. 13~b!, for d-wave SC. Note
that even in the case whereW is as small as just 5% of the
total bandwidth~itself already small of order 2J), Tc remains
robust and close to 70 K. Then, it is clear that the domin
contribution toTc comes from the flat regions and the sha
of the qp dispersion away from them has a secondary imp
tance for the success of the real-space approach. Howev
is important to remark that the calculation described in t
section showing that shadow features are not very impor
for the actual value ofTc does not mean that AF correlation
can be neglected. On the contrary, the whole antiferrom
netic van Hove scenario12 and other similar approaches a
based on the notion that pairing is caused by spin fluct
tions. In addition, in Ref. 50 it is argued that the dopin
dependence of the AF correlation, which generates
shadow features, changes even more the role of spin fluc
tions for superconductivity. For instance, lifetime effects
the quasiparticles can lead to important consequences
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Cooper pair formation50 beyond the scope of the theory pr
sented in this paper. More work is needed to clarify all the
important aspects of the problem.

E. SC in the overdoped regime

Finally, novel predictions obtained in the regime whe
the qp band is almost fully crossed bym ~as observed in Sec
III for ^n& between 0.78 and 0.66! are discussed here. From
the point of view of the qp band this regime is ‘‘dilute’’ bu
again, this should not be confused with the bottom of
whole spectrum since a large amount of weight remains
the incoherent part ofA(p,v). At this density a standard
BCS gap equation analysis applied to a qp dispersion ei
constructed at half-filling, as in Ref. 12, or phenomenolo
cally obtained from our data@eNN(p)#, and supplemented b
nearest-neighbor attraction induced by antiferromagneti
shows that extendeds-wave SC dominates overdx2y2-wave
SC. This corresponds to the ‘‘overdoped’’ regime@Fig.
13~a!#, i.e., to an overall density in the vicinity o
^n&;0.70.51 This change in the symmetry of the SC sta
can be understood recalling once again that the tight-bind
dispersion of the qp, even including renormalized amp
tudes, supplemented by a NN attraction, formally cor
sponds to an effective ‘‘t-U-V’’ model. It is well known that
in this model the SC state symmetry changes fromd to s
wave as the density is reduced away from half-filling to
nearly empty system.49,52 Actually the bound state of two
particles on an otherwise empty lattice with a NN tigh
binding dispersion and NN attraction iss wave. To the extent
that the AF or NN dispersions survive up to;25% hole
doping, as suggested by the numerical data of Sec. III as
as previous literature~Ref. 25 and references therein!,
scenarios based on the real-space interaction of qp’s pre
a competition between extendeds-wave anddx22y2-wave
SC in theoverdopedregime. Recent calculations based
the analysis of the low electronic density^n&!1 limit of the
t-J model led to analogous conclusions.53 Our approach is
based on a very different formalism but it arrives at simi
results, and, thus, a crossover fromd- to s-wave dominated
superconductivity in overdoped cuprates could occur. Ind
recent ARPES data for overdoped Bi2212 have been in
preted as corresponding to a mixing ofs- and d-wave
C.
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states.54 More work should be devoted to this potential com
petition betweend- ands-wave for overdoped cuprates.

VI. SUMMARY

In this paper the results of an extensive numerical study
the U-t-t8 one-band Hubbard model witht8/t520.35 have
been presented. The regime of strong couplingU/t510 was
analyzed. These parameters are fixed to reproduce AR
data for the AF insulator. With maximum entropy tec
niques, the spectral functionA(p,v) was studied for severa
electronic densities. It was observed that as the hole den
grows away from half-filling, the quasiparticle band acquir
‘‘noninteracting’’ features although with bandwidths su
stantially smaller than for theU50 limit. As the hole density
increases, the qp peak at (p,0) rapidly changes its position
relatively to the Fermi energy, in qualitative agreement w
recent ARPES experiments.1,2 In the overdoped regime, it is
predicted that the flat bands should be crossed by the ch
cal potential and thus they should no longer be observe
ARPES studies. The present results also have implicat
for some theories of highTc . The narrow qp band produce
a large peak in the DOS induced by strong correlatio
which survives the presence of hole doping, and it can
used to boostTc once a source of hole attraction is found.
is remarkable that both with the hole dispersion found
half-filling or the one observed using QMC-ME at, e.g
^n&50.84, superconductivity in thedx22y2 channel domi-
nates. This result gives support to real-space pairing theo
of high Tc ,12 showing that the main ideas of the scenario a
stable upon the introduction of a finite hole density. T
large DOS peak is crossed by the chemical potential as^n& is
reduced. In the overdoped regime, i.e., when the qp ban
almost empty, a possible competition between extendes
anddx22y2 SC was discussed.
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