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Quantum Monte CarldQMC) and maximum-entropy techniques are used to study the spectral function
A(p,w) of the one-band Hubbard model with strong coupling including a next-nearest-neighbor electronic
hopping with amplitudé’/t=—0.35. These values of parameters are chosen to improve the comparison of the
Hubbard model with angle-resolved photoemisgidRPES data for SgCuO,Cl,. A narrow quasiparticlégp)
band is observed in the QMC analysis at the temperature of the simulbtdrB, 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 dengity decreases further away from half-filling, the chemical potential
travels through this energy window with a large number of states, afaby0.70 it has crossed it entirely.

The region near momentum ¢f), and (7r,0) in the spectral function is more sensitive to doping than momenta
along the diagonal from (0,0) ton(, 7). 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«,0) cross the Fermi energy, a prediction that could be tested with ARPES
techniques applied to overdoped cuprates. The population of the gp band introchidegm@density 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 thewave in the overdoped regime, i.e., when the
chemical potential has almost entirely crossed the gp bagud)as 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.
[S0163-182697)00433-3

I. INTRODUCTION important in the generation of the quasiparticle dispersion;
(i) the two-dimensiona(2D) t-J model explains accurately
Recent studies of B&r,Ca _,Dy,Cu,0q. 5 Using angle- the bandwidth for a hole injected in the insulator, as well as
resolved photoemissiofARPES techniques have provided the details of the dispersion along the main diagonal in mo-
the evolution of the quasiparticle band as the hole densitynentum space fronp=(0,0) to (s, ) (in the 2D square
changes in the underdoped regime of the High- lattice notation;* (iii) however, the behavior along the direc-
cuprates® These studies complement previous ARPEStion from (0r) to (7r,0) is not properly described by the
analysis of the hole dispersion in the antiferromagnetic insud model which predlcts a near degeneracy between momenta
lator SLCUO,Cl,.*® The overall results emerging from these along this line® in contradiction with experiments. The
experiments can be summarized as followi$:the band- ARPES data for the antiferromagnetic insulator show that
width of the quasiparticle band is a fraction of eV, i.e., nar-the quasiparticle signal at=(0) is very weak, and about 0.3
rower than generally predicted by band-structure calculaev deeper in energy thanm(2,7/2):* (iv) as the density of
tions. This result suggests that strong correlations ar@oles grows the region nearw(0) moves towards the
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chemical potential which is approximately reached at the opmagnetic(AF) broken bonds, which implies the presence of
timal concentratiod, while the main diagonal an effective nearest-neighb@N) density-density attraction
(0,0)— (=, m) is less affected(v) at optimal doping remark- proportional to the exchang@. Superconductivity in the
ably “flat” bands at (7r,0) near the Fermi energy have beendyz_y2 channel is natural in this scenafialue to the strong
observed. AF correlation$*2 The interaction of holes is better visual-
The results of Marshalét al! have been interpreted as ized inreal spacei.e., with pairing occurring when dressed
providing evidence for “hole pockets” in the underdoped holes share a spin polaronic cloud, as in the spin-bag
regime caused by short-distance antiferromagnetic correldnechanisnt’ This real-space pictur@ee also Ref. Jgholds
tions, although other explanations such as preformed pait@ven for a small AF correlation lengthiyr, and in this sce-
are also possiblg® As explained before, the standatel nario there is no need to tune parameters to work very close
model is not enough to provide all the details of the ARPESIO an AF instability as in other approaches.
results at half-filling, and thus presumably it cannot explain TO oObtain quantitative information from these intuitive
the data away from half-filling either. However, thel ideas, holes moving with a dispersion calculated using one
model is just one possible Hamiltonian to describe the behole in an AF backgroundsae(p), and interacting through
havior of holes in an antiferromagnetic background. Whilethe NN attractive potential mentioned before, have been pre-
the model is attractive for its simplicity, there is no symme-Viously analyzed? Within a rigid band filling ofexr(p) and
try or renormalizability argument signaling it as unique for Using a BCS formalisnd,2_,2 superconductivity dominates
the description of the cuprates. For this reason Nazarenkwith Tc~100 K caused by a large density of stat€¥DS)
et al® recently introduced extra terms in titeJ Hamil-  that appears in the hole dispersion. The idea has many simi-
tonian to improve the agreement with experiments. Addindarities with previous scenarios that used van Hoxi) sin-
an electronic hopping along the diagonals of the elementargularities in the band structure to increa®g,'® although
plaquettegwith amplitudet’/t=—0.35) the results for the d-wave superconductivity is not natural in this context unless
insulator were improved since the position of the quasiparti/AF correlations are included. However, the rigid band filling
cle (gp) at (7,0) proved to be very sensitive to the strengthiS an approximation whose accuracy remains to be tested. In
of extra hole hopping terms in the model. Actually, the gpParticular, the following questions naturally arisér does
peak at this momentum moves towards larger binding enetthe gp peak in the DOS found @t)=1 survive a finite hole
gies as a negative'/t grows in amplitudé® This idea has density;(ii) to what extent do the changes in the gp disper-
been used by several other groups which, in addition to hopsion with doping affect previous calculations in this frame-
pings along the plaquette diagonals, have included hopping&ork; (iii) are the “shadow” regions generated by AF
at distance of two lattice spacings with amplituiéo obtain ~ correlation$®*’~* important for real-space pairing ap-
an even better agreement with experiménts. proaches? With the help of the present QMC results, as well
The purpose of this paper is to report on results for thes previous simulations, in this paper all these issues are
density dependence of the quasiparticle dispersion corréliscussed. The overall conclusion is that as long as the hole
sponding to the one-band Hubbard model with a nextdensity is such that thé,r is at least of a couple of lattice
nearest-neighbor hoppirtg working in the strong Coulomb Spacings, the predictions of previous scenafi@d other
coupling regime. It is expected that thé-t-t’ and t-t’-J similar theories remain quglitati.vely the same, in ;pite Qf
models produce qualitatively similar physics at latgj. As substantlal changes occurring in the hole dispersion with
a numerical technique we use the quantum Monte Carl6OPiNg. o _ _
method supplemented by maximum-entropy analysis. The The organization of the paper is as follows: in Sec. Il the
success of thé-t’-J model at half-fillind®'*and the recent model and details of the numerical method are discussed.
availability of ARPES data in the underdoped reglite Sectior_1 1 co_nt_ains the QMC-ME results both at half-filling
prompted us to carry out this study. Note that although thénd with a finite hole density. In Sec. IV the results are
numerical methods used here are powerful, their accuracy @iscussed and compared with ARPES experiments. Implica-
limited and, thus, our results are mostly qualitative ratheftions for real-space theories of higi are extensively stud-
than quantitative. Nevertheless, from the analysis of thded in Sec. V. Results of previous publications are also used
present QMC data and also comparing our results againé@ construct a simple picture for the bghawor of electrons in
those produced previously for thteJ and Hubbard models the Hubbard model. Section VI contains a summary of the
here we arrive to the conclusion that at least some features §@Per and its experimental predictions.
the experimental ARPES evolution of the hole dispersion
can be explained using one-band electronic models. Experi- Il. MODEL AND NUMERICAL TECHNIQUE
mental predictions are ma}de tp test th‘? calculations. The The one-band Hubbard Hamiltonian with next-nearest-
presence of a narrow quasiparticle band in the spectrum anrgeighbor hopping is given by
its crossing by the chemical potential as the electronic den-
sity is reduced are key features for the discussions below.
The present paper is not only devoted to the analysis of H=—t > (CIUC,-,U+ Hc)—t' >, (CIUCJVU+ H.c)

QMC results and its comparison with ARPES data, but it (ii).o (i).o
also addresses the influence of hole doping in recently pro-
posed theories for the cupratésin these theories the hole +U§i: (nn—l/z)(nu—l/Z)Jr,U«% Nig 1)

dispersion is calculated at half-filing and assumed to change
only slightly as the hole density grows. Hole attraction iswherecIU creates an electron at sitevith spin projection
assumed to be dominated by the minimization of antiferro-o, n;, is the number operator, the syii) runs over pairs of



56

nearest-neighbor lattice sitg%jj)) runs over pairs of lattice
sites along the plaquette diagondlsjs the on-site Coulom-
bic repulsiont the nearest-neighbor hopping amplitutieis
the plaquette diagonal hopping amplitude, anthe chemi-
cal potential. Throughout this study we will seét=1,
t'/t=—0.35, and use periodic boundary conditions.

Using standard QMC method®,we have obtained the
imaginary-time Green'’s functions at finite temperature. The
method of maximum entropywas used to analytically con-
tinue the imaginary-time Green’s functions to obtain the
spectral weight functiod\(p, ). Previous studies using this
method have concentrated on, e.g., the one-dimen$fonal
and two-dimensional Hubbard model at and away from
half-filling.*823-2 However, with the next-nearest-neighbor
hopping term only a few results have been obtained with this
techniqué® since the additional hopping amplitude exacer-
bates the sign problerfwhich exists even at half-filling

In this paper, we present a systematic study of the evolu-
tion of the spectral function in thd-t-t" model at electronic
densities ranging from half-filling (¢)=1.0) to quarter-
filling ({n)=0.5) on a 6<6 lattice at an inverse temperature
of Bt=3(T=0.33). The procedure we used to obtain these
results is slightly different from those used befété® and
we believe that it provides more details to the spectral func-
tion. First, approximately 100000 QMC measurement
sweeps were taken at each dengftyr a fixed T, t'/t, and
U/t) to obtain accurate statistics for the imaginary-time
Green'’s functions. Once the spectral function was obtained
from the standard ME procedure, we used this spectral func-
tion as a seed for further ME analysis with a reduced coef-
ficient of the entropyw.??’

In order to work in the realistic strong-coupling regime,
sacrifices in the lattice size and temperature had to be made
due to the sign probleff The same set of measurements
shown below in Sec. Il could have been performed on an
8X 8 lattice. However, it would have required a higher tem-
perature Bt=2) to obtain good statistics on the imaginary-
time Green’s functions thereby washing out parts of the qua-
siparticle features that become prominent at lower
temperatures. Since at half-filling amgt=2, the 6<x6 and
8X 8 lattices give qualitatively similar results and we were
able to reach a lower temperature using the smaller lattice,
then we decided to use thex@ cluster throughout the pa-
per.

. QMC RESULTS
A. Half-filling

In Fig. 1, the QMC results obtained at half-filling for
U=10, T=t/3, andt’'/t=—0.35 are shown. Figure(d)
containsA(p,w) after the ME analysis of the QMC data. The
asymmetry of most of the dominant peaks suggests that th
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FIG. 1. (@) Spectral functionsA(p,w) of the U-t-t" Hubbard
model atU/t=10,t'/t=—0.35, andT =t/3, using QMC-ME tech-
niques on a & 6 cluster. The density ig)=1.0. From the bottom,
the momenta are along the main diagonal from (0,0) #97),
from there to ¢r,0), and finally back to (0,0)¢(b) energies of the

&ominant peaks in the spectral functions. The results in the PES

are a combination of at least two features located at differer}tegion are obtained from a two-Gaussian analysis of the QMC-ME
energies. This is reasonable since previous calculations fQEgyts. The squares correspond to the incoherent part of the spec-

theU-t model(see, e.g., Ref. 25ave established that below
the chemical potentigh(p, ) is made out of a quasiparticle
(gp) peak nearu, carrying a small fraction of the total
weight, and a broad incoherefiNC) feature at larger bind-

ing energies containing the rest of the weighfp,») have

trum (INC) and its error bars are not shown. The full circles form
the quasiparticléqp) band, and their diameter is proportional to the
intensity. The error bars are given by the width at half the height of
the Gaussian corresponding to the gp peak at each momenta. The
upper Hubbard band is also shoyapen circlegwithout error bars;

been fitted by two Gaussians with positions, widths, andc) density of statefN(w) obtained by summing th&(p,w)’s.
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weights adjusted to match the ME result, keeping the overalpOS) N(w)=Z,A(p, o) at halffilling. The gapA ~5t and

weight constant. The same study was performed above th@e sharp gp band can be clearly identified.

chemical potential in the inverse photoemissidRES re-

gime but such analysis did not provide interesting informa-

tion since the weight of the peak the closestuas very B. Finite hole density

small, especially away from half-filling. Then, within the ac- . : .
Figure 2 contains the QMC-ME results obtained at den-

curacy of the present QMC-ME study, the upper Hubbard .y<?_]>zo 94. with the res?of the parameters as in Fig. 1. In

band is described as just containing a broad featureless pegk D T

for each momentum. The two-peak decomposition analysi 9. 2(a)_ the sp_ectral Weighlf“(p"f’) s shown. There are
reported here will, thus, be limited to the PES part of theseveral interesting features in this result. For example, the

spectrum. However, note that at least at half-filling it is UPPer Hubbard band has lost weight compared with results at
likely that the IPES portion of the spectrum containdaav ~ (N)=1.0. This is not surprising since as the hole density
intensity qp-like feature. In particular, as/t—0 particle-  9rows the chances that an electron injected in the lattice will
hole symmetry must be recovered, and here the peaks apopulate already occupied sites is reduced.
pearing in the PES region must also exist in the IPES regime. The most interesting physical consequences of hole dop-
Nevertheless, in Sec. Il B below we will show that at finite ing are obtained in the PES region. Here the chemical poten-
hole densities the gp band at the bottom of the UHB carriegial has moved to the top of the valence band, more specifi-
such a small weight that it can be neglected. cally into the gp band. Figure(B) shows the results of a
Following this fitting procedure, in Fig.(t) the energy two-peak analysis of the PES region similar to that per-
position of the peaks as a function of momentum is shownformed at half-filling. Interpolating results along the main
As anticipated, below. a feature at the top of the valence diagonal, it is observed that the gp peak at momentum
band appears. It is natural to associate this peak with a “qugs= (=/2,71/2) should be approximately at the chemical po-
siparticle band.” The bandwidth is roughlyt,2i.e., much tential for this density, while £,0) is still about 2 below.
smaller than for free electrons on a lattice. However, it is nofThe gp band has distorted its shape in such a way that con-
as small as predicted kiyJ model calculation§,which may  siderable weight has been moved abgvén the vicinity of
be due to the influence of or a finiteU/t. The top of the gp (4, #). Actually, now the gp band resembles a more stan-
band is located along the main diagonal from (0,0) todard tight-binding dispersion although with a renormalized
(7, 7), in agreement with previous literatut&he influence  hopping amplitude smaller than the bare one. Note, however,
of the nonzero next-nearest-neighdBiNN) hoppingt’ ap-  that the position of the qp peak at momentum (0,0) is some-
pears in the energy position of the gp band#aQ) which is  what pathological since it is located above the chemical po-
deeper in energy than (&23,27/3) and (/3,77/3) [while for  tential. We do not have an explanation for this anomalous
t’/t=0.0, (7,0) is located very close to the top of the band behavior, which likely is caused by the maximum entropy
in contradiction with ARPES experiments for cuprate procedure. The incoherent part of the spectrum is also clearly
insulator§]. It is likely that on larger clusters+#/2,7/2)  visible in the calculation. At this density it remains entirely
would correspond to the actual top of the gp band, as prefilled, i.e., the electrons removed from the system have been
dicted beforé The overall shape of the gp band is similar to taken from the gp band. Finally, note that the shadow fea-
that calculated in thet-J model using the self-consistent tures are no longer prominent. This is correlated with a sub-
Born approximatiort? stantial reduction of the antiferromagnetic correlation length
It is interesting to note that the gp band includes momené,r at this density and temperature compared with the results
tum (s, 7), although with a very small intensity. This is at half-filling. This is not in contradiction with claims that
reasonable for two reasongi) first, the presence of a recently observed features in ARPES are induced by
charge gap in the spectrum, as clearly seen in Fig),1 antiferromagnetisii'® since at very low temperatures,
suggests that bands starting, say, at (0,0) cannot simply ditkely remains robust for a larger hole density region near
appear at some other momentum by crosgin@®y continu-  half-filling than it occurs at the relatively high temperature
ity they have to extend all along the Brillouin zofenless T=t/3. In Fig. A¢c), the DOS forn)=0.94 is shown. The gp
their gp weight vanishes (ii) in addition, the presence of band is sharp, and lies slightly to the right of the top of this
strong antiferromagnetic correlations implies a doubling ofband[see inset of Fig. @)]. A pseudogap generated by the
the unit cell of dynamical origin and thus “shadow band” large couplingU/t is still clearly visible.
features should appear in the spectrum, as discussed in Figure 3a contains the QMC-ME results obtained at
several models with strong antiferromagnetic corre<n)=0.84. Compared with the results(@t)=0.94, nowu is
lations417-19:24.3029.3f other words, AF introduces an ex- located deeper inside the gp band according to the two-
tra symmetry in the problem that links with p+ (7, 7). Gaussian analysis presented in Figb)3 Interpolations
These shadow features are certainly weak compared to theearly show thap=(#/2,77/2) for this band is now in the
rest of the band, but are nevertheless present in the spectrdRES region, while €,0) is at or very close t@ but still in
of Fig. 1(b). the PES regime. The incoherent weight in PES remains ro-
The rest of the spectral weight is contained in the broadust. Figure &) shows the DOS at this density. is located
incoherent feature at energies deeper than the gp peak, aslightly to the left of the gp band maximum, the pseudogap
also in the upper Hubbard bartdHB). The latter presents has virtually melted, and there is only a tiny trace of the
some nontrivial momentum dependence neatr#). This  upper Hubbard band. The presence #fQ) very close tqu
behavior seems a remnant of the results for noninteractingg correlated with experimental results showing “flat bands”
electrons. Finally, Fig. (t) contains the density of states near the Fermi energy at optimal dopihtf:30-3
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FIG. 2. (a) Spectral functionsA(p,w) of the U-t-t" Hubbard
model atU/t=10,t'/t=—0.35, andT =1/3, using QMC-ME tech- FIG. 3. (@) Spectral functionA(p,w) of the U-t-t" Hubbard
niques on a &6 cluster. The density ién)=0.94. From the bot- model atU/t=10,t’/t=—0.35, andT =t/3, using QMC-ME tech-
tom, the momenta are along the main diagonal from (0,0)tar), niques on a &6 cluster. The density ién)=0.84. From the bot-

from there to ¢r,0), and finally back to (0,0)(b) energies of the tom, the momenta are along the main diagonal from (0,0)tar,
dominant peaks in the spectral functions. The results in the PE8om there to ¢r,0), and finally back to (0,0)(b) energies of the
region are obtained from a two-Gaussian analysis of the QMC-MHElominant peaks in the spectral functions. The results in the PES
results. The squares correspond to the incoherent part of the speegion are obtained from a two-Gaussian analysis of the QMC-ME
trum (INC) and its error bars are not shown. The full circles form results. The squares correspond to the incoherent part of the spec-
the quasiparticlégp) band, and their diameter is proportional to the trum (INC) and its error bars are not shown. The full circles form
intensity. The error bars are given by the width at half the height othe quasiparticléqp) band, and their diameter is proportional to the
the Gaussian corresponding to the gp peak at each momenta. Thensity. The error bars are given by the width at half the height of
upper Hubbard band is also shovapen circleswithout error bars;  the Gaussian corresponding to the gp peak at each momenta. The
(c) density of statedl(w) obtained by summing th&(p,w)’s. The upper Hubbard band is also shoyapen circleswithout error bars;

inset shows the top of the gp peak in more detail. (c) density of state®N(w) obtained by summing tha(p,)’s.



5602

Figure 4 contains the QMC results obtainedt=0.78.

This density is particularly interesting since ngwseems to
have crossed most of the gp batidThis can be observed
directly in the spectral weighfig. 4(@)], and in its two-peak
analyzed outpufFig. 4(b)]. This detail will have interesting
consequences for some theories of higheuprates, as de-
scribed later in this paper. The DOS is shown in Fi¢g)4
The same trend is also observed@y=0.65 for which here
only the DOS is showifFig. 5). At this density the gqp band

is empty, and the INC feature becomes sharper presumably
due to its proximity to the chemical potential. It is interesting
to note that the chemical potential in Fig. 5 is located at a
sharp minimum in the density of states.

Results atn)=0.47 (Fig. 6) show that the gp band has
melted, and at this low density, the spectral weight is domi-
nated by features that can be traced back to the incoherent
part of the PES spectrum at half-fillifgrig. 6@]. In Fig.

6(b) the position of the dominant peak is given as a function
of momentum, and in Fig.(6) the DOS is shown. It is in-
teresting that now the results are nicely fitted by the nonin-
teracting tight-binding dispersiofsolid line in Fig. b)].
Thus, the “free-electron” limit is approximately recovered

in the strong-coupling regime at “quarter-filling.” Again,
note that the peak structure in the spectrum seems to have
emerged from the incoherent part of the valence band ob-
served at half-filling.

IV. COMPARISON OF QMC-ME RESULTS
WITH ARPES EXPERIMENTS

As discussed in the Introduction, ARPES results have
shown that the quasiparticle peakpat (7,0) is very sensi-
tive to hole doping at least in the underdoped regthé&or
the same densities, the gp dispersion along the main diagonal
from (0,0) to (mr,7) does not change as much. In this section
it will be investigated if the numerical results of Sec. Il are
compatible with the ARPES data.

In Fig. 7, we schematically show what occurs upon dop-
ing when a tight-binding dispersion including a NN hopping
amplitude t*, and a NNN amplitudet’* with a ratio
t'*/t*=—0.35 is used. The reason for this exercise is that
the QMC-ME results of Sec. lll have shown that rapidly
upon hole doping the quasiparticle dispersion resembles that
of a renormalized noninteracting set of electrons. Then, it is
interesting to analyze what would occur with such dispersion
as the densityithin the gp bandchanges(i.e., the density
(n) shown in Fig. 7 must be considered as the filling of the
gp band, rather than the density of the whole systdiris
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FIG. 4. (a) Spectral functionA(p,w) of the U-t-t" Hubbard

clear from the figure thats,0) is intrinsically more sensitive )
g 7.0) y model atU/t=10,t’'/t=—0.35, andT=t/3, using QMC-ME tech-

to doping than the main diagonal. Actually the results re- . o
ping g y niques on a &6 cluster. The density ién)=0.78. From the bot-

semble in part those of Marshait al® especially the experi- R
mental ARPES dispersion corresponding to slightly under-tom’ the momenta are along the main diagonal from (0,0yrar,

doped samples of Bi2212 with,= 85 K, as well as previous from there to ¢r,0), and finally back to (0,0)¢(b) energies of the

. f imally d d fesvh h dominant peaks in the spectral functions. The results in the PES
experiments Tor optima y ope samp esynere the gp region are obtained from a two-Gaussian analysis of the QMC-ME
band crosses the chemical potential betweenn( and

° ) i results. The squares correspond to the incoherent part of the spec-
(7.,0). This led us to conjecture that the ARPES experimentg,m (iNC) and its error bars are not shown. The full circles form

in the slightly underdoped regime may have observed thehe quasiparticléqp) band, and their diameter is proportional to the
hole filling of a “free like,” but narrow, gp band. If this intensity. The error bars are given by the width at half the height of
speculation is correct, then it is here predicted thgDj will  the Gaussian corresponding to the gp peak at each momenta. The
eventually cross the chemical potential when the system bespper Hubbard band is also shovapen circleywithout error bars;
comes overdoped, as Fig. 7 shows. To the best of our knowle) density of state®N(w) obtained by summing tha(p,)’s.



56 HOLE-DOPING EVOLUTION OF THE QUASIPARTICLE ...

7.0 - B
N(w) 6o |
50 -

4.0 -

30 -

PES
2.0

1.0 -

0.0

-10.0 -5.0 0.0 5.0

(-t

FIG. 5. Density of statedN(w) corresponding to theéJ-t-t’
Hubbard model atU/t=10, t’'/t=-0.35, and T=t/3, using
QMC-ME techniques on a%6 cluster. The density ién)=0.65.

10.0

edge there are no ARPES results in this regime. Experimen-
tal work for overdoped cuprates would clarify the issue of
whether the “flat bands” found in the optimal regime remain
locked nea or smoothly cross the Fermi energy as the hole
doping increases. Our results favor the latter, at least within
the resolution of the QMC-ME methods.

Further evidence that,0) travels across the chemical
potential is given in Figs. @) and &b). ThereA(p,w) with
p=(m,0), taken from Figs. (8)—6(a), is shown again adding
also results for densitieé)=0.89 and 0.65 for complete-
ness. The peak at this momentum belonging to the gp band
crossesu at a densityn)~0.82. Then, as the hole density
grows, a movement up in energy of tpe= (7,0) quasipar-
ticle is clearly observed, as in ARPES experimeitat a
larger hole density, such as quarter-filling, the gp peak, now
in the IPES regime, reduces substantially its weight and dis-
appears. At this density the feature associated with the inco-
herent part of the spectrum at half-filling is now located
close to the Fermi energy, contributing to the dispersion that
resembles théJ=0 result[Fig. 6(b)]. The UHB rapidly
loses weight moving away from half-filling. Figure&a®and
9(b) show similar results but fop=(27/3,27/3), which is
representative of the behavior along the main diagonal on the
6X 6 cluster. The gp associated to this momentum crosses
the chemical potential at a smaller hole density
({(n)=~0.95).

Summarizing the results of this section, in Fig. 10 three
representative gp dispersions obtained with QMC-ME meth-
ods (Sec. Ill) are shown. For the half-filled case the results
are accurately known from the self-consistent Born
approximatiort’ and (,0) is clearly below the chemical
potential, which here is arbitrarily located at the top of the
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band. Note that the intensity of the gp peak is much weaker F|G. 6. (a) Spectral functionsA(p,») of the U-t-t’ Hubbard
near (, ) than for other momenta at half-filling. For small model atu/t=10,t'/t=—0.35, andT =t/3, using QMC-ME tech-

hole doping densities, such &8)=0.84, a “freelike” but

niques on a &6 cluster. The density ién)=0.47. From the bot-

narrow quasiparticle band is observed in QMC simulationgom, the momenta are along the main diagonal from (0,0) to

(also in studies of theJ-t modef®?) and (,0) is now at the

(r,7), from there to ¢r,0), and finally back to (0,0)(b) energies

Fermi energy. The vicinity of £,#) is the region affected of the dominant peaks in the spectral functions. The solid line is the
the most by hole doping due to the reduction of antiferro-dispersion in the noninteracting limid/t=0.0 on a large cluster;
magnetic correlations. Finally, at lower densities, such a$c) density of statef(w) obtained by summing th&(p,w)’s.
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FIG. 7. Density evolution of a noninteracting band, referred toPotentia) in units of t for the U-t-t" Hubbard model using the
the chemical potential, as its density changg®own in the figure parameters of Figs. 1-6. The results here correspond to momentum
For details see the text. p=(2w/3,27/3). The solid circles, squares, and open circles are the
gp, INC, and UBH positions for this momenturtly) quasiparticle

_ . . pectral function corresponding to momentpe (27/3,27/3) for
(n)=0.78, the chemical potential has crossed the qp ban§everal densitieén) (indicated. The small triangles show the po-

and now @r,0) is above the Fermi energy. We consider that’.. . . ; )
the scenario depicted in Fig. 10 for the density evolution otﬁ'g%nzac:;the dominant peaks in the two-Gaussian analysis of the
the gp dispersion can provide a simple qualitative explana- '
tion for the ARPES results found experimentally. It predicts . .
that the gp peak ati£,0) will eventually disappear from the Methods, and probably also by ARPES experiments which
ARPES signal into the IPES region, an effect that could pdave large backgrounds in their signals. Thus, the existence
tested experimentally. At densities intermediate betweeRf hole pockets cannot be shown from the current Monte
(n)=1.0 and 0.84, the peak atr(0) should evolve smoothly Carlo simulations available.

between these two limits, and thus close to half-filling
“pseudogap” features will likely appear in simulations if
lower temperatures could be reached. Reducing the tempera-
ture belowT =1/3 is particularly important for the generation

of strong spin fluctuations which are crucial to induce the |n this section, the implications of our QMC results for
quasiparticle dispersion at half-filling shown in Fig. 10. Noterecently proposed scenarios for high-cuprates will be dis-
that “shadow” features should actually be present atcussed. Two features found in the simulation will be impor-
(n)=0.84 but they are too weak to be detected by QMC-MEtant, namely the “tight-binding” shape of the gp band at
finite hole density(although with renormalized parameters
and the crossing of the gp band hy for densities in the

V. IMPLICATIONS OF QMC RESULTS
FOR SOME THEORIES OF HIGH T,

(a) A(p,m) (b) approximate range 0.ZXn)<1.0.
e
047
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FIG. 8. (a) Energy of the quasiparticleeferred to the chemical
potentia) in units of t for the U-t-t" Hubbard model using the

parameters of Figs. 1-6. The results here correspond to momentum
p=(m,0). The solid circles, squares, and open circles are the gp,
INC, and UBH positions for this momenturth) quasiparticle spec- FIG. 10. Best fits of the QMC-ME quasiparticle dispersion cor-
tral function corresponding to momentysw (7,0) for several den-  responding to densitieén)=0.84 and(n)=0.78. The results at
sities(n) (indicated. The small triangles show the positions of the (n)=1.0 are taken from Ref. 10 arbitrarily locating the top of the
dominant peaks in the two-Gaussian analysis of the PES data. band at the chemical potential.
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A. Large peak in the DOS N(w) @ | N (0)
As explained in the Introduction, the presence of “flat” <n>=1.00 - <n>=0.75
regions in the experimental normal-state gp dispersion is a <n>=0.88
remarkable feature of the phenomenology of hole-doped | /N '\ | | ___ ::::gjgg
cuprates. These flat bands are located around momenta
p=(m,0) and (Or), and at optimal doping they are 10 <n>=0.88

meV below the Fermi energyStudies of holes in the 2D
t-J and Hubbard models at and away from half-filling have
suggested that antiferromagnetic correlations may play an i
important role in the generation of these featufe¥:333¢ <n>=0.75 |
Our results for théJ-t-t" model suggest the presence of flat
bands in the regime close {m)=0.84, although care must
be taken with the finite resolution of the ME-generated gp
peaks. But even if these flat regions were not quantitatively
described by one-band electronic models, the intrinsic small
bandwidth of the gp band at small hole density could be
enough to induce a large peak in the DOS which can be used FIG. 11. (& N() for the 2D t-J model obtained with exact

to enhance the superconducting critical temperature, once #2gonalization techniques averaging results for clusters with 16
source of hole attraction is identified. This leads to a naturaf"d 18 sites, a0/t=0.4 and for the densities indicated. Tide
explanation for the existence of an “optimal doping” which unctions were given a widtly=0.2%. Similar results were found

in this framework occurs when the peak in the gp band iSat other values 08/t; (b) N(w) for the one-band Hubbard model

. obtained on a %4 cluster using QMC and ME, but without reduc-
reached byu.'? It is also natural to label as “underdoped” ' uster using Q Lt wihou .

: . . . " ing the coefficient of the entropy as in Sec. lll. The temperature is
the regime where IS to the right of the “flat ban_d peak T=t/4 andU/t=12. Densities are indicated.
(i.e., at higher energi¢sand “overdoped” when it is to the
left (i.e., at lower energi@s’

; . . . the resultingT could be enhanced due to the large number
Previous analytical calculatiofassumedhe survival of ot "siates available. The numerical results, both QMC and
the large DOS obtained at half-filling as the density of holesED are thus compatible with scenarios where a laFgés

grows. The results of our simulatiorgSec. Il allow us to obtained due to an increase N{ ). Since the peak width

study the evolution of the DOS with hole density and J-Udgeincreases substantially with hole density, strictly speaking

if these ideas are realistic. The presence of a robust Ap pegke rigig hand filling of the half-filled hole dispersion is in-
is certainly confirmed by our results, and Figgb)t-4(b) valid. However, such an approximation seems to have cap-

show that agn) decreases from 1, the gp band is crossed by, q - ; :
. part of the qualitative physics of the problem, since the
w as conjectured beforé. The DOS of the standardJ and DOS peak is not washed out by a finite hole density.

Hubbard modelgwith t’=0) also have a large peak in the | ihe cases discussed here. i.e. thet’ andt-J mod-

D|OS, as foﬁnd 'r;] prewousl numenlcal S|mulat|ogs.| For COIT'eIs, calculations of the spin-spin correlations show thatis
pleteness, here those results are also presented. In ka, approximately a couple of lattice spacings wheis located

N(w) for the 2Dt-J model obtained with exact diagonaliza- near the DOS peak, becoming smaller as the overdoped re-
tion (ED) techniques is shown at several densitiés. half- ime is reached. Thus, a nonzetge and u near a large

filling, a large DOS peak appears at the top of the valenc OS peak arecorrelatedfeatures. It is in this respect that

band. Note that substantial vyelght exists a_t energies farscenarios where AF correlations produce a large DOS that
from w, i.e., the large peak carries only a fraction of the total

. . i / ) enhanced . (Ref. 12 differ from vH theories where diver-
weight, in agreement with the QMC simulations of Sec. IIl. e ( 2

h del. th . in th . - gences in the DOS are caused by band effects already present
lln t e;-J n;1o el t fer:naxwlnum 'B t ngOS Isl'nr?tl St”Ctﬁ before interactions are switch .
ocated at the top of the valence band but at slightly smaller \ypije the existence of a robust peak in the DOS is in

energies? This effect is enhanced by addirtg hopping good agreement with ARPES ddtt is in apparent dis-

terms to thet-J Hamiltonian, as shown in the simulation agreement with specific heat studies for YBEOThe lack
results of Sec. lll. AYn) decreases, the peak in Fig.(8lis o 5 resolution in the specific-heat measurements may solve
now much broader but it remains well defined. Atihis puzzle. Actually, angléntegrated PES results for
(n)~0.88, u is located close to the energy whéw) is  Bj»512 do not show the sharp flat features found in ARPES
maximized. At(n)~0.75, x moves to the left of the peak. (5r the same materid?*° Similar effects may affect the

These results are quantitatively similar to those of our QMCgpeific-heat data which should be reanalyzed to search for
simulations for theU-t-t" model, and also with results for png large peaks.

thet’/t=0.0 Hubbard moddIFig. 11(b)]. Thus, while accu-
rate extrapolations to the bulk limit are difficult, the simple
gualitative picture emerging from these studies, namely that
strong correlations generate a gp peak in the DOS which is Previous QMC-ME studies of the Hubbard model for
crossed byu, seems robust. t'/t=0.0 (Refs. 36, 41 and J&eported results qualitatively
As explained before, this gp peak crossing of the DOS issimilar to those shown in Fig. 1), where the DOS ob-
important since once a source of hole attraction exists in théained on a &4 cluster is presented for the one-band Hub-
system, a superconductin®C) gap would open aj, and  bard model atJ/t=12, andT=t/4. The ME technique used

B. Kondo resonances vs AF-induced quasiparticle
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oz [ @ | - - region observed ain)=1 reduced its intensity and consid-
E(eV) fat reion 0.2 (© erable weight was transferred to the IPES region. The gp
0.0 | 1 viv) dispersion a{n)~0.87 of thet-J model can also be fitted by
=% a tight-binding nearest-neighbdiNN) dispersion with a
-02r 1 small effective hopping likely associated with Then, both
~05 shadowNAegion 0.1 ] previous literature results and the present simulations agree
0,0 (mm) m0) (0,0) ‘ on the qualitative aspects of the evolution with doping of
,’I“\ A(p,w)
18 5 (b) ; _ The char_\ges in the gp _dispersion with hol_e _doping can be
Eft 1 } | oo = interpreted in two ways. First, note th&{p, w) is influenced
T ¥ : by matrix elements obare fermionic operators connecting
-0.2 E ’S T states withN andN =1 particles. This is important when the
, T 1 gp weight is small, i.e., when the statg,|g.s)y does not
2.2 - -0.1 . . have a large overlap with the ground state of the 1 par-
00 (mm @0 (00 00 20, 40 ticles subspachy.syy_1 (|g.S)y being the ground state with

N particles. If the hole excitation is instead created by a new
operatory,, that incorporates the dressing of the hole by
spin fluctuations, theryng|g.s>,\, may now have a large over-

lap with |g.s)n_1.*** In other words, if the dressed hole
using exact diagonalization of 16- and 18-site clusters forttfie state resembles an EXtended spln polaron, then the physics
model (from Ref. 25. The open(full) circles are IPESPES re- deduced from PES studies, which rely on the sudd_en re-
sults. Their size is proportional to the peak intensity. The solid lineMoval of a bare electron from the system, may be mislead-
is the fit exn(p) described in the text{c) V(x) along thex-axis  INg. To the extent that spin polarons remain well defined at

after Fourier transforming the smeared potentigh)=5(p— Q) finite density, the use ofy,, will induce spectral weight
(see text &4 is given in lattice units. rearrangements between the PES and IPES regions, and the

results at small hole density could resemble those at half-

in Fig. 11(b) is the same as in those previous simulationsfilling after such spectral weight redistribution takes place. If
and it does not have the resolution of the present ME variathis idea were correct, then the study of superconductivity
tion discussed in Sec. lll. The crossing of a peak in the DO transport, both regulated tyessedjuasiparticles, could

by w is clearly observed in these ME simulations but atindeed be handled by filling a rigid band given bye(p). It
half-f"“ng there are no ap peaks_ Figure(ﬂ))]_can thus be is ||ke|y that this idea will work in the Underdoped regime
naively interpreted as the “generation” by doping of a Where &xe is robust, and results for 2D clustétsand
Kondo-like peak at the top of the valence band which doedadderé® already support these claims. Note that the fact that
not exist at<n>:1 However’ our current resu'igig' 1(0)] the bandwidth at finite hole density remains much smaller
actually show that a{n)=1.0 a well-defined gp peak is than & shows that strong correlations still play an important
present, as predicted by a variety of studies of the zero tenfole in the dl_spersmn. It is interesting to re_mark that strictly
peraturet-J model with one hol&?° Also experimentally in ~ SPeaking a rigid band filling of the dispersion shown in Fig.
the cuprates it has been already establidhtht the states 12(a) can generate IPES weight near/@,7/2), but never at
observed in PES upon doping are already present in the id-7, 7). Such IPES €, ) states exist at finite hole density as
sulator and ar@ot Kondo resonances. Thus, Figgb-4(b) ~ shown in Fig. 12b). Thus, the rigid band filling will always
provide evidence that the gp features observeghpt: 1 are b€ an approximation and it can never be exact. Nevertheless,
smoothly connected to peaks already present at half-fillingit is possible that large weight changes introduced by the use

Similar conclusions have also been obtained in geometriedf quasiparticle operators can produce a spectral function
31,42 that approximates well Fig. 18, i.e., having a tiny weight

other than the 2D square lattice, such asJaladder:
at the IPES ¢, 7) states. More work is needed to clarify if
) dressed operators are a useful concept in the context of
C. dya-yz in the Hubbard model lightly doped antiferromagnets.

The results of Figs. (b)—6(b) show that the gp band is An alternative is that the difference between Figs(al2
very sensitive to doping, at least at the temperatures anand 12b) for the t-J model and Figs. (b) and 2b) for
couplings used in this QMC-ME study. In particular a few the U-t-t" model correspond to an intrinsic change in the
percent hole doping is enough to transform the half-fillinggp dispersion ag,c decreases. This is the less favorable
dispersion, containing the extra symmetry induced by longease for the real-space pairing approathesich are con-
range AF order, into a tight-binding-like dispersion althoughstructed at half-filling, and thus we should analyze this pos-
with a small hopping amplitude. These results are similar tesibility in detail here. For this purpose, we have applied the
others previously published in the literature. For example, irstandard BCS formalism to an effective model with a low
Figs. 12a) and 12b) the gp dispersion afn)=1 and at density of quasiparticles having a dispersiey(p)/eV
(n)~0.87 for thet-J model is reproduced from Ref. Zfor ~ =—0.2(cop,+cog,) (assumingt=0.4 eV), which roughly
Hubbard model results, see Refs. 36 andl 4fon doping, reproduces the dominant features of Fig(ld2[The reader
vestiges of the flat regions remain, inducing a large peak ishould not confuse this dispersion with that of free particles
the DOS (see Fig. 1L However, the region around whose bandwidth is four times larger. A large amount of
p=(w,7) has changed substantially, i.e., the AF shadowincoherent weight is still observable at the density of Fig.

FIG. 12. (a) gp energy vs momentum obtained at half-filling
using thet-t’-J (from Refs. 32 and 12 The result shown, which we
call eae(p), is a good fit of Monte Carlo data on aXX42 cluster at
J/It=0.4; (b) gp dispersion vs momentum @t)=0.87 and)/t=0.4
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100 100 ' ' noticing that a combination afyy(p) with an attractive NN
T(K) (@ TK) potential effectively locates the Hamiltonian in the family of
80 “1-U-V” models with U repulsive and/ attractive, where it
is known that for a “half-filled” electronic band the domi-
nant SC state islxz,yz-wavef‘9 In other words, when is at
the flat region of thesyy(p) dispersion it approximately cor-
responds to an effective “half-filled” qp band resembling a
free electron dispersiotbut with smaller bandwidth lead-
ing to ad,2_2-wave SC statgFig. 13a)]. Then, even if the
gp dispersion changes substantially with doping near the
Q=(m,m) point, such an effect doasot seem to alter the
0001020804 0 20 40 60 main qualitative features found in previous studiehis is

p(ev) X(%) a remarkable result, and it is caused by the rapid depopula-
tion of the gp band as the hole density grows. Then, while

FIG. 13.(a) Tc vs u obtained with the BCS gap equation, with (n) governs the actual global density of the system, there is
#=0 as the chemical potential corresponding to the saddle pointy subtlehiddendensity(i.e., the population of the gp band
The dashed line corresponds to results usiggp), and the solid 4,5t may influence considerably on the physics of the prob-
line to eyn(p). Interpolations between these two-extreme cases ca m. At{n)=0.78 and for théJ-t-t’ model, this gp band is
be easily constructed using two-band mo_dels with weights regqlate&eearly empty while globally the system is still close to half-
by Z_fact_ors(actually we (_:alculated'C using a two-pole_Greens Jilling. While the use ofex(p) of eyn(p) is certainly a
function in the gap equation and the result smoothly interpolate . - .
between those shown in the figureNote the presence of both fough apprOXImatlon,_ .the. existence of a robust anq .

d-wave superconductivity in both cases suggests that similar

d,2_y2-wave and extendestwave SC;(b) T, for d-wave SC vs the . . S 93
percentagex of filling of the gp band(i.e., not of the full systen. results would be obtained using more realistic models for the

The dashed line is the same as@. The solid line corresponds to  hole pairing interaction.
the BCS gap equation result making zero the weighof states in

the gp dispersion that are at energies from the saddle point larger
than 2.5% of the total bandwidtfi.e., basically including states

60

40

20

D. Influence of shadow bands on SC

only in a window of energy~-125 K around the flat regionsThe The present analysis also shows that the AF “shadow”
dot-dashed line is the same but using a window-@50 K around ~ regions of the half-filling hole dispersiogg(p) are not cru-
the flat regions. cial for the success of the real-space approach. Using

enn(p), which does not contain weight in PES near, {),

12(b) although it is not shown explicitly. The same occurs T, is still robust and thed-wave state remains stable, as
in Fig. 2b) for the U-t-t" model] As described before, shown in the previous subsection. To establish this result
to study T, we should include a NN attraction induced by more clearly, we analyzed. using ea=(p) but modulating
AF Dbetween these quasiparticles. While naively itthe contribution of each momentum with @dependent
may seem dubious to use the same interaction both at andeight Z, in the one-particle Green’s function. We consid-
away from half-filling, the hole-hole potential should not ered the special case whefg is zero away from a window
be much affected at distances shorter tiigp. This can  of total width W centered at the saddle point, which is lo-
be illustrated by a real-space analydiBig. 12c)] of cated in the flat bands region. Inside the wind®\W the
a smeared o-function potential of AF origin V(q)  weight is maximum, i.e.Z,=1. Such a calculation also ad-
=¢&ar/[1+£3:(9— Q) ], where the lattice spacing is set to 1, dresses indirectly possible concerns associated with widths
and Q= (m,m). Figure 12c) shows that the NN potential ~[ear(p)— €] that qp peaks would acquire away from
(x=1) does not change noticeably &g is reduced, while half-filling in standard Fermi liquids €= is the Fermi en-
V(x>1) is rapidly suppressed. Then, using the same NNergy). Results are shown in Fig. {8, for d-wave SC. Note
form of the potential for many densities should not be a badhat even in the case wheW is as small as just 5% of the
approximatiorf.’ total bandwidth(itself already small of orderd, T, remains

To analyze the stability of previous calculations let usrobust and close to 70 K. Then, it is clear that the dominant
then use the tight-binding dispersiegy(p) obtained from  contribution toT. comes from the flat regions and the shape
the numerical analysis in the BCS gap equation. Solving nuef the gp dispersion away from them has a secondary impor-
merically the gap equatiori, is shown in Fig. 183). As  tance for the success of the real-space approach. However, it
reported beforé? superconductivity al.~80—100 K in the is important to remark that the calculation described in this
d,2_,2 channel appears naturally if the hole dispersionsection showing that shadow features are not very important
ear(p) at half-filling is used. Nevertheless, if insteagh(p) for the actual value of . does not mean that AF correlations
is used, the vestiges of the flat bands present in this narroean be neglected. On the contrary, the whole antiferromag-
dispersion produc®&,~ 30 K which is still large’® The criti-  netic van Hove scenaridand other similar approaches are
cal temperature may be further enhanced if attraction at dissased on the notion that pairing is caused by spin fluctua-
tances larger than one lattice spacing are considered, as dfens. In addition, in Ref. 50 it is argued that the doping
served in a recent self-consistent Eliashberg-Ansatdependence of the AF correlation, which generates the
calculation within the fluctuation exchange approximaffton. shadow features, changes even more the role of spin fluctua-
Even more remarkable is the fact that the_,2 character of tions for superconductivity. For instance, lifetime effects of
the SC state is maintained. This result can be understoadihe quasiparticles can lead to important consequences for
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Cooper pair formatiot? beyond the scope of the theory pre- states:* More work should be devoted to this potential com-
sented in this paper. More work is needed to clarify all thesepetition betweerd- ands-wave for overdoped cuprates.

important aspects of the problem.
VI. SUMMARY

E. SC in the overdoped regime In this paper the results of an extensive numerical study of
Finally, novel predictions obtained in the regime wheretheU-t-t" one-band Hubbard model witf/t=—0.35 have
the gp band is almost fully crossed py(as observed in Sec. P€en presented. The regime of strong couplitig=10 was
[l for {n) between 0.78 and 0.5&re discussed here. From analyzed. These parameters are fixed to reproduce ARPES
the point of view of the gp band this regime is “dilute” but, data for the AF insulator. With maximum entropy tech-

again, this should not be confused with the bottom of thd!idues, the spectral functioh(p, w) was studied for several
whole spectrum since a large amount of weight remains ilectronic densities. It was observed that as the hole density
the incoherent part oA(p,w). At this density a standard grows away from half-filling, the quasiparticle band acquires

BCS gap equation analysis applied to a qp dispersion eithernoni.nteracting” features although'with bandwidths §ub-
constructed at half-filling, as in Ref. 12, or phenomenologi-Stantially smaller than for the =0 limit. As the hole density
cally obtained from our datBeyy(p)], and supplemented by increases, the gp peak at,Q) rapidly changes its position

nearest-neighbor attraction induced by antiferromagnetisn{€/@tively to the Fermi energy, in qualitative agreement with

shows that extendesiwave SC dominates oveka,»-wave recent ARPES experiments.In the overdoped regime, it is
SC. This corresponds to the “overdoped” reéinﬁEig. predicted that the flat bands should be crossed by the chemi-

13@)], i.e., to an overall density in the vicinity of cal potential and thus they should no longer be observed in
<n>~(,).76.5.1’ This change in the symmetry of the SC state"RPES studies. The present results also have implications

can be understood recalling once again that the tight-bindin{P" SOme theories of higfi. . The narrow gp band produces
dispersion of the gp, even including renormalized ampli- large peak in the DOS induced by strong correlations,

tudes, supplemented by a NN attraction, formally corre-which survives the presence of hole doping, and it can be

sponds to an effectivet:U-V" model. It is well known that used to boosT . once a source of hole attraction is found. It
in this model the SC state symmeiry changes frorto s is remarkable that both with the hole dispersion found at

wave as the density is reduced away from half-filling to ahalf-filling or the one ot_)s_erv_ed using QMC-ME at, €.g.
nearly empty systerf?°2 Actually the bound state of two () =0-84, superconductivity in thelz_y2 channel domi-
particles on an otherwise empty lattice with a NN tight- nates. This result gives support to real-space pairing theories

binding dispersion and NN attractiongsvave. To the extent of high T, ** showing that t_he main iQe.as of the sceqario are
that the AF or NN dispersions survive up t025% hole stable upon the introduction of a finite hole density. The

doping, as suggested by the numerical data of Sec. 11l as welfi'9€ DOS peak is crossed by the chemical potentighass

as previous literature(Ref. 25 and references thergin 'educed. In the overdoped regime, i.e., when the gp band is

scenarios based on the real-space interaction of qp’s predie{moSt émpty, a possible competition between extersled-
a competition between extendeswave andd,z_,z-wave andd,z_,2 SC was discussed.

SC in theoverdopedregime. Recent calculations based on
the analysis of the low electronic dens{ty)<1 limit of the

t-J model led to analogous conclusiotisOur approach is We thank A. Sandvik, M. Onellion, D. Dessau, J. C. Cam-

based on a very different formalism but it arrives at similarpuzano, and Z. X. Shen for useful discussions. D.D. is sup-
results, and, thus, a crossover franto s-wave dominated ported by Grant No. ONR-N00014-94-1-1031. A.M. and

superconductivity in overdoped cuprates could occur. Indee#.D. are supported by Grant No. NSF-DMR-9520776. Addi-

recent ARPES data for overdoped Bi2212 have been intetional support by the National High Magnetic Field Lab and

preted as corresponding to a mixing ef and d-wave Martech is acknowledged.
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