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Pairing correlations in a generalized Hubbard model for the cuprates
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Using numerical diagonalization of ax44 cluster, we calculate on-sit extendeds, andd,2_,2 pairing
correlation functions(PCF's in an effective generalized Hubbard model for the cuprates, with nearest-
neighbor correlated hopping and next-nearest-neighbor hoppifithe vertex contributions to the PCF’s are
significantly enhanced, relative to the’-U model. The behavior of the PCF’s and their vertex contributions,
and signatures of anomalous flux quantization, indicate superconductivity dtla@e channel for moderate
doping and in theswave channel for high doping and small

[. INTRODUCTION made the calculation particularly difficult. To our knowl-
edge, even witht’ =0, no exact PCF's have been so far
Since the discovery of high-temperature superconductivieported in this cluster allowing doubly occupied sites.
ity, much effort has been devoted to studying the properties The model is briefly explained in Sec. Il. Section I con-
of the Hubbard model, the:J model, and modifications of tains our main results. In Sec. IV we present spin correlations
them. While these studies have helped to clarify severayvhich bring useful complementary information. Section V
optical and magnetic properties of the cuprdtéthe super- contains a short discussion.
conducting mechanism remains unclear. Studies in general-
ized t-J models suggest a magnetic origin of super- Il. THE EFFECTIVE MODEL
conductivity>~’ but the numerical results seem to require
either a superexchangk or a three-site terfh/ which is
beyond the realistic range for the cuprates. In addition, the
constraint of no double occupancy in these models reducesH:Uz i, —t’ 2 CiTo-Cj’(r_ 2 (ciT—CJ-;Jr H.c.)
the mobility of the superconducting pafts.On the other i (ihe (Do 7
hand, the search for signals of superconductivity in the Hub- . o o C(1_n.
bard model have been negative sof&+!! This fact stimu- H{taa(1 =i (17010) +egioNjo + taglNig(1=Nj,)
lates the study of modifications of the Hubbard model which +nj,(1—ni,) 1}, (1)
represent more closely the physics of the cupréteRe-
cently an effective modified Hubbard model for the cuprategvhere (ij)({ij ")) denotes NN(next-NN) positions of the
derived earliel® has been studied. The model includes a lattice. The model was derived from a low-energy reduction
nearest-neighbdiNN) correlated hopping which depends on of the three-band model for the cupratés.represents the
the occupation of the two sites involved and next-NN hop-Cost in energy of constructing a Zhang-Rice singlet from two
ping t’. Within a mean-field approximatiol?,the correlated ~ Singly occupied cellsia s represents the hopping of a Zhang-
hopping has been found to originate pairing, the underlyingRice singlet to a singly occupied NN cell. The terms with
mechanism being similar to that provided by a superexamplitudet,g correspond to the destruction of a Zhang-Rice
change coupling.*>* The shape of the Fermi surface and singlet and a nearest-neighbor cell without holes, creating
the positions of the van Hove singularitiégHS), modified  two singly occupied cells and vice verdgg describes the
with t’, influence the magnitude and the symmetry of themovement of an isolated hole. Whilélies between 3 and 4
order parameter. The expected instability for moderate dopeV, the magnitude of the correlated hopping terms is ten
ings, isd-wave superconductivity in concurrence with a spin-times smaller, and,g~10% larger than ty,+tgg)/2 has
density wave(SDW) near half-filling. been estimatet! However, for other parameters of the
Here we report results on pairing correlation functionsmultiband model, this ratio can be much larger, sihggis
(PCF's and spin-correlation functions for this effective linear in the Cu-O hopping,q, whiletAA,tBB~t§d.12In the
model, obtained by numerical diagonalization of a squaremean field, fotag>taa,tgg, SUperconductivity in the- and
cluster containingL =16 unit cells. We find evidence of d-wave channels is obtainé@Near half filling, d-wave su-
strong superconducting correlations witf _,> symmetry in  perconductivity competes with the SDW.tlf=0, the SDW
the doping regime of interest for the cuprates. Furthermoretakes place ah=1 while finitet’ destroys perfect nesting,
in contrast to the case of the ordinary Hubbard model, weand for doping such that vHS lie near the Fermi level,
find indications of anomalous flux quantizatiohFQ), char-  d-wave superconductivity coexisting with short-range anti-
acteristic of superconductivity,in most of the explored re- ferromagnetic fluctuations is expected. Instesgjave su-
gion of parameters. Our numerical results support the mearperconductivity develops for small and sufficiently small
field picture. The size of the cluster and the inclusiort’of particle densities. Although vHS are not well defined in a

The effective one-band model for the cupratés is

0163-1829/2000/614)/96864)/$15.00 PRB 61 9686 ©2000 The American Physical Society



PRB 61 PAIRING CORRELATIONS IN A GENERALIZED . .. 9687

small clustert’ introduces changes in the distribution of the P(r)
particles ink space and conclusions concerning the tenden- 0.10 |
cies in the behavior of the PCF can be extracted. We restrict 0.08 |
to the electron-hole symmetric casg,=tgg=1 and large 0.06
tag=2, in order to render more noticeably the effects of the 0.04 |
correlated hopping. We also investigate=0,—0.451° 0.02
0.00
I1l. PAIRING CORRELATION FUNCTIONS —0A021.

The PCF'’s are P(r)

P.()=(AL()A(0)), (2)

where for on-sites pairing Al(i)=cf.cl , while A(i)
=3 5f (O], 5¢l,—cl, 5,cl 178, with fo(8)=1 for ex-
tended s pairing, and fy(d)=1[f4(8)=—1] when &
=*+(1,0)[6==(0,1)] for dy2_,2 pairing. We normalize -002 7 ' >
AT(i) in such a way thatA(i)|0)|?=1, to facilitate com-

parison among the different PCF’6§To compute the vertex FIG. 1. () Pairing correlation functions an@) vertex contri-
contribution to the PCE® denoted ag?a(i), the quantity butions to them as functions. of distance’ =0 (open symbols
((CICg><CLCV>—<CICV><CTC.5>) is subtracted for every term andU = —5 (solid symbol$, withtp,g=1, t'=0, N=10, and PBC.

) ¥ Triangles, circles, and squares correspond to onssiéxtendeds,
in Eq. (2) of the form<c>\cucvcé>' For a BCS ground state, andd,z_,2 PCF, respectively. Open symbols coincide(li.

Ea(i) is positive and proportional to the square of the order

parameter. The results we show for the correlation functions . _ — . -
correspond to “optimum’ boundary condition€®BC's), ~ Svongestin thes channel. FoN=12, P.{(8) is approxi

which could be periodic(PBO), antiperiodic, or mixed mately one half of the corresponding value fér=10. For

(MBC), i.e., periodic in one direction and antiperiodic in the POth densities, a negatieé enhancesP.s.(r) relative to
other, according to those which lead to the minimum groundhe case witht’=0. According to Ref. 12 whet) over-
state energy. The computation has been made possible [§PMeS a certain valug;wave superconductivity is replaced
exploiting all symmetry operations of the space group of thd?y @ SDW whert’=0 and byd-wave superconductivity for
square lattic¥ plus time reversal256 operations in the clus- finite t'. Keepingt’=—0.45, t,g=2, and increasing), we
ter). Half of these operations are lost for MBC, and the re-find & decrease in thewave PCF’s and an increase in the
ported PCF’s are averages over equivalent distances in tfkwave ones. The latter dominate already &4 andN
periodic system. =10, with P4(r)~0.015 and values significantly larger than
To give an idea of the expected magnitude of the PCF'shose fort,g=1.
and in order to establish a criterion to interpret our results, ForU=10, withtyz=2, the PCF's are much larger in the
we analyze the behavior of the PCF’s and the vertex contrig.wave channel. The behavior &,(r) and P4(r) for dif-
bution for the usual attractive Hubbard model with a quiteferent densitiesN/L=0.625, 0.75, and 0.875), is shown in
large attractionlJ =—5, in which case superconductivity is Fig. 3, fort’=0,—0.45. To simplify the figure, we do not
well supported by several calculatioffsThese quantities are  show the values oP4(r) for tag=1 and for the noninteract-
displayed in Fig. 1 foN=10 particles and distances larger jng case. FoiN=10,12, witht,g=2 andt’'=—0.45, the

than one lattice sit¢® As in the case of previous Monte values Py(r)~0.02,0.03 [Fig. 3d)] at distances\2<r

Carlo results! P_(r) shows oscillations with distanc -
(1) S < /8 are roughly half of the values &¥,(r) for the Hub-

while P,(r) exhibits a smoother behavior. It is clear that ..y o gel with strong on-site attractioRig. 1), and very
P.s(r) dominates over the other PCF, which is in agreement

with sswave superconductivitgpredominantly on-sifein the —
model?° In light of these results, we establish the following P(r)
criterion to extract information from our numerical data: we 0.05

conclude that superconducting correlations in éhehannel 0.04 t———‘\‘_____’___,_.

are present in the model when both quantities,and Ea, 0.03
are enhanced at large distances relative to the noninteracting '
case. ) Sy

In Fig. 2, we show the effect dfyg andt’ for U=0. The 0.01
PCFP_(r) (not shown display the same qualitative behav-

0.00 O~ ®;
ior as those in Fig. (). We conclude that for these param- ool F———’"i/i/%

eters the model has strong signalssafave superconductiv- 14 18 2.2 26

ity in both on-site and NN channels. This agrees with the r
mean-field calculation¥. For N=12 particles, the values of FIG. 2. Vertex contribution to the PCF fotag=2, t'
P.(r) (not shown are reduced in-0.01, but the qualitative =-0.4%, U=0N=10, and PBC. Fortsg=1 (open circles

behavior remains the same. Fdr=0, the PCF’'s are also P_(r)=0. Symbols are the same as in Fig. 1.
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FIG. 3. Py(r) andsd(r) for U=10 andt,g=1 (open symbols FIG. 4. Lowest relevant energies as a function of flux for
=—0.48, N=10 and several values tf andt,g. The valueE(0)

andt,g=2 (solid symbols. Circles, squares, and triangles corre- — . 3
spond toN=10,12,14, respectively. is subtracted. Only half of the interv@D,27) is shown because

E(®)=E(—®)=E(27— ).

similar to those ofP4(r) for a short-range resonance-
valence-bond wave function which by construction has suenergy levels with different total wave vector @sis varied,
perconducting off-diagonal long-range ordéf. These re- and the presence of two relative minima E{®) with a
sults are strong indications dfwave superconductivity. We difference of® in « (usually at®=0 and® =) in the
should also note that the superconductirgave pairs in the interval[0,27). In Fig. 4 we show the dependence @&nof
model, have an internal structure which extends beyond NNhe lowest energy levels of the system for several values of
and with only a partial overlap withg(i). Thus, ourd-wave the parameters in which the level crossing occurs. Figure
PCF'’s are reduced with respect to the optimum normalized(@) and 4b) correspond to dominargwave PCF'’s. In the
PCF’s by the square of this overl&p. other cases shown, ttitwave PCF’s are the largest ones.

ForN=10,12, the effect of a negatité is to enhance the Fort’=0N=10 we found a very similar behavior &(P)
vertex contributionPy(r). Instead, forN=14, bothP4(r) 0 that observed in Fig. 4. Due to the fact that the introduc-

—= e . tion of a flux breaks the space-group symmetry and increases
andPq(r) are Ia}rge for the case W”ﬁ._o' while they are considerably the size of the irreducible subspaces, we have
very small fort’=—0.45. Note that in all the cases with

) o ) — not constructede(d) curves forN>10.
sizable pairing correlations, the valuesRj(r) correspond-

ing totag=2 are significantly larger than those correspond-
ing totag=1, with the same values of andU. In addition,

in these cases, the noninteractiRg(r) lie below the dis-
played ones fottag=2 in Fig. 3a). The remarkable large functions. The spin structure factor S(q)
values of Py(r) observed in Fig. &) for the case withN :Eij<SIZS'Zeiq(Riij)>/L2 for N=12 is shown in Fig. 5. In
=14 particles could be somewhat exaggerateg due t0 pajpe abserj1ce of correlated hoppiftgubbard model wittt'),
ticular finite-size effect§? In fact, whentag=1P4(r) in  there is a peak nearn{2,7/2) which is inconsistent with
Fig. 3(c) is large while the values dPy(r) are smaller than experiments. FoN=10, moderaté,g and some values of
those of the noninteracting case. The mean-field treaﬁ%entu, the peak is at4,7/2). This result is consistent with neu-
predicts a maximum of the superconducting gap wihave  tron measurements in La,Sr,CuQ,, which indicate that the
symmetry at half-filling fort’=0, when the SDW is not
taken into account. The concurrence between superconduc-
tivity and the SDW near half-filling manifests itself in this
cluster when different BC are used. Rdre=14, t'=0, tpg

=2, U=10, spin-spin correlationgnot shown are much 0.020 ‘,05
stronger for PBC than for MBC, while in the firglatter !

IV. SPIN STRUCTURE FACTOR

We have also calculated charge and spin-correlation

S(q)

casePy(r) is weaker(strongey than in the noninteracting

case. In any case, as expectéd?the maximum of the PCF
with doping shifts to higher doping d$ increases.

In contrast to the cases without correlated hopping, we
find signs of AFQ in most of the explored parameter space.
AFQ consists of a periodicity of half a flux quantum in the
ground-state energlf(®) as a function of a fluxp thread-

0.010

.

0.000 &
0,0 (2,0

(m.0)

(m,7/2)

(m,r) (m/2,m/2)

Fig.§

ing the system in a toroidal geometry, and it is a necessary FIG. 5. Spin structure factor as a function of wave vector for

but not sufficient condition for superconductivityIn finite

systems, a tendency to AFQ is indicated by a crossing of1(tag=2).

t'=-0.48, U=10, N=12. Open (solid) circles denotetag
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position of the incommensurate peak moves framst) to- For weak coupling, the three-site term of the effective
wards (r,0) with dopingx, and the magnitude of the dis- one-band Hamiltonian reduces to the sum of three two-body
placement is Zx.%® For lower dopings, the increase tfs  interactionst>'*?*an exchangd, a nearest-neighbor repul-
tends to restore a peak atr (), which is rather broad, in- sionV, and a hopping of on-site paiW. It is the effect ofJ
dicating the presence of short-range antiferromagnetismyhich favors singlet superconductivity!* This agrees with
similar to that found for a resonance-valence-b@RYB) recent studies of pairing correlation functionstity-J lad-
state with superconducting off-diagonal long-range ofder.ders, which also obtain enhancédvave pairing’
For the caseN=141'=0;it,g=2,U=10S(q) exhibits a In one dimensior(1D), there is analytical and numerical
broad structure ats, ) for MBC, while largeP4(r) is ob-  evidence that for small and larget,g, the ground state at
tained, as discussed above. Instead, for PBC a much napalf filling consists of singlet dimers, and singlet PCF's
rower peak, suggestive of longer-range antiferromagneticdominate when the system is dopédhe natural extension
correlations is observed 8(q) while P4(r) are weaker than of this scenario to 2D, seems to be a short-range RVB-like
those of the noninteractive case. These results suggest tratate at half filling, which turns into a singlet superconductor
the broad peak ir5(q) and enhance®4(r) have the same as the dimers acquire mobility with doping. While we expect
physical origin, possibly the establishment of an RVBlong-range antiferromagnetism in the half-filled case, our re-
ground state. sults for pairing correlation functions and spin structure fac-
tor are consistent with this scenario as the system is doped.

V. DISCUSSION
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