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Using the constrained path Monte Carlo method, we simulated the two-dimensional, three-band Hubbard
model to study pairing, charge, and spin correlations as a function of electron and hole doping and the
Coulomb repulsiotV,4 between charges on neighboring Cu and O lattice sites. As a function of distance, both
the d,2_,2>-wave and extended-wave pairing correlations decayed quickly. In the charge-transfer regime,
increasingV,q decreased the long-range part of the correlation functions in both channels, while in the
mixed-valent regime, it increased the long-range part ofsthave behavior but decreased that of theave
behavior. Still thed-wave behavior dominated. At a given doping, increasifig increased the spin-spin
correlations in the charge-transfer regime but decreased them in the mixed-valent regime. Also, ingigasing
suppressed the charge-charge correlations between neighboring Cu and O sites. Electron and hole doping away
from half-filling was accompanied by a rapid suppression of antiferromagnetic correlations. Our results suggest
that adding a repulsivé,4 to the model does not enhance its tendency toward superconductivity even though
the behavior of the spin structure factor is consistent with the properties of some high-temperature supercon-
ducting materials.
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I. INTRODUCTION lations of the Hubbard model to small system sizes and
finite-temperature simulations to high temperatures. These
In this paper, we will report the results of a quantum limitations had left open the possibility that superconductiv-
Monte Carlo(QMC) study of the ground-state properties of ity still lurked at larger system sizes and lower temperatures.
the two-dimensional, three-band Hubbard model. Of theRecently, a new zero-temperature QMC method, the con-
three simple electronic models commonly studied as possiblstrained path Monte CarldlCPMC) method? was developed
models of the cuprate superconducting materials, the threge get around the sign problem. Using this method, Zhang
band Hubbard model has been the least intensively studiedt al® calculated ground-state pairing correlation functions
partially because of the general belief that its low-energyfor the Hubbard model as a function of the distance and
excitation spectrum is similar to the other two. Indeed in thefound that as the system size or the interaction strength is
strong coupling limit, both the one-band and three-bandncreased the magnitude of the long-range part of the pairing
Hubbard models have theJ model as an approximate limit. correlation functions vanished for both tlg._,> and ex-
However, there still remains some controversy aboutendeds-wave channels. Although this method produces an
whether one-band models, like the Hubbard &ddmodels, approximate solution, its results, together with the null re-
are adequate to describe the low-energy physical propertiesilts from previous QMC studies, are very discouraging for
of the cuprate superconductors. One of our objectives was tiinding superconductivity in the one-band Hubbard model.
study the possible existence of superconductivity in the At finite temperature, past numerical work on the three-
three-band model in regions where model parameters afeand model has included several sets of QMC
physical as opposed to regions where asymptotic models agmulationsS~*! focusing on the magnetic superconducting
clearly more appropriate. A focus of our ground-state studyand insulating properties of the model. As for the QMC
is the effect of the inclusion oYy, a repulsive Coulomb simulations of the Hubbard model, the sign problem limited
interaction between charges on neighboring Cu and O latticthese studies to relatively high temperatures and small sys-
sites. tems. In fact the sign problem for the three-band model is
The most solid information about possible super-probably more severe than for the one-band model. At least
conductivity in the one-band Hubbard model has come fronthe one-band model lacks a sign problem at half filling. In
a series of QMC calculations. For instance, using a finitegeneral, an antiferromagnetic state is found at half-filling
temperature QMC method, Whitet al! found an attract- which is strongly suppressed upon doping. Attractive inter-
ive-effective pairing interaction in thd,2 > and extended actions between pairs were found with a spectrum of results:
swave channels. Moreo and Scalagisnbsequently found Dominance of extended-wave andd-wave pairing have
pairing correlations but also found that they did not increasdeen separately reported, leading to claims of extended
when the lattice size was increased. This result, suggestingwave andd-wave off-diagonal long-range ordédDLRO).
the absence of off-diagonal long-range order, was consistefithese results remain controversial.
with an earlier QMC study by Imada and Hatsugjai. At zero temperature, past numerical work on the three-
The fermion sign problem limits almost all QMC calcu- band model has mainly consisted of exact diagonalization
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computationg?~** where calculations of hole-binding ener-
gies was emphasized, and several QMC computdfiohs
where pairing calculations were emphasized. The exact di-
agonalization studies unequivocally established that holes
can bind. The QMC studies, established the existence of ar

extendeds-wave andd,._,.-wave attractive pairing interac-

tion, with one claim of no evidence asfwave superconduc- Ly t [
tivity. More recently, a CPMC study by Guerreet al*® ;
confirmed the exact diagonalization result that holes bind but -

found that increasing system size tended to decrease the lon L

range part of the pairing correlations. In contrast to the exact@@ ®® @@

D

D

diagonalization work, this QMC study found hole binding in -
the absence of a Coulomb repulsigpy between charge on

neighboring Cu and O sites. The exact diagonalization stud- —t

ies found that hole binding required an unphysically large (. pd

value of V.

In the work reported here, we applied the CPMC method
to the three-band Hubbard model and computed the static
pairing, charge, and spin correlation functions for systems
with 6X6 unit cells. We set the hopping and on-site Cou-
lomb parameters at expected physically relevant values anu
studied the properties of the systems as a function of charge- £, 1. Phase convention for the hopping matrix elements. The
transfer energy, electron and hole doping, &hd. The con- copperd,z_2 orbital is surrounded by the oxygem andp, orbit-

sequences of varying these parameters for the most part dgrs. The hopping matrix elements are shown with their correspond-
pended on whether the value of the charge-transfer energyg phase.

placed the model in a charge-transfer or mixed-valent re-

gime. The cuprate superconductors are believed to be in thg riting the Hamiltonian, we adopted the convention that
charge-transfer regime. Our results suggest that particularly,o operatod  creates ole with spino at a Cu 22

. h . h . io Xe=

in this regime adding a repulsivé,q to the mpdel does not rbital andp;  creates dolewith spinc in an O 2, or 25
enhanpe its tendency toward supercond_uc'uwty even thoug rbital. Uy aJr;IjUp are the Coulomb repulsions at the Cuyand
the spin and the charge-transfer fluctuations are enhancedO sites,eq ande,, are the corresponding orbital energies, and

The remainder of our report is organized as follows: Invpd is the nearest-neighbor Coulomb repulsion. As written,

Sec. I, we define the Hamiltonian and the physical quantitie T . .
calculated and discuss the choice of model parameters. E@e model has a Cu-O hyb”d'zat'mgld_ *1pq With the mi-

CQ_X* D> Q3

Sec. Il we briefly describe the CPMC method, and then inNUS sign occurring fof =i +Xx/2 andj=i-y/2 and also hy-
Sec. IV, we present our numerical results. Finally in Sec. Vv pridizationt},= = t,, between oxygen sites with the minus
we discuss in detail our main conclusions. sign occurring for k=j—x/2—y/2 and k=j+x/2+y/2.

These phase conventions are illustrated in Fig. 1.
The values of the parameters in the Hamiltonian have
Il. THREE-BAND HUBBARD HAMILTONIAN been estimated by a number of different constrained density-
_ . functional and quantum-cluster calculatidfis?*In electron
As proposed by Emery’, the three-band model MIMICS yolts, reasonable ranges for these values seem to,pe
the CuQ layer in the cuprate superconductors by having one_ 1.3-1.6, Ug=8.5-10.5, e= €, ¢4=3.6, U,=4.0-7.5,

Cu and two O atoms per unit cell, with the Cu atoms ar-; _ — .
ranged on a square IatFt)ice and the O atoms centered on tl:;\%_ 0.65, andV,;=06-1.2. Taken together, these est

g a - ) tes define a reasonably limited range of the parameters for
edges of the square unit cells. In this layer, Emery assumeghich the model might be labeled as “physical.”
that the relevant orbitals are just those of coppa3,2 and The Cu site Coulomb repulsiddy is a large energy, mak-

oxygen 2, and 2,. ing double occupancy of Cu sites by two holes very unfavor-
The Hamiltonian has the form able. The next largest parameter, the charge-transfer energy
€=€,—€4>0, plays a special role. Dependent on the rela-
tive values ofe, Uy, and the bagéiwidtwv, the system can
H= tik (pt +of p )+ nP +U nP P b_e Clas§|f|ed in different regim :the charge.-transfer re-
<j2k)a ool PioPro PPy ep% lo p; T gime with U4>e>W or the mixed-valent regime withJ
>W=> e, whereW is some measure of the width of the lower
+Ed2 ningrUdz nidTnidpLVde nidn]p band. Estimates pl_ace the cuprate superconductqr_s in the
o i i) charge-transfer regime. The role of the Cu-O hybridization
tpq is important. Through the superexchange mechanism, this
+ 2 tgd(diTapjo"' pJTadia-)- (1) hyb_rldlzatlon generates an antlferromagnetlc exchange_lr)ter-
(Do action between the spins in the Cu sites. The O-O hybridiza-
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FIG. 3. Fermi surfaces of an infinite-system fer=3 and
tpp/tpe=0.3. From the inside out, the hole fillings are 54/36. 46/36,
42/36, 36/36(dashed ling and 26/36.

FIG. 2. The band-structure of an infinite systems éer3 and
tpp/tpd:O.S.

tion t,, and the O site Coulomb repulsids, are the two

smallest energies. Whet, is nonzero, the noni_nteracting propriate for physical values of the parameters.
band structure has features that seem to appear in the normal-\with the numerical method used, a variety of expectation
state properties of the cuprate materials. We were interested,| es can be computed. We focused on the pairing, spin

mainly in studying the consequences\gfy. These conse- 5 charge correlation functions. More specifically, we com-
guences were studied in part by previous QMC S'mm?‘t'oni’)uted the extendeg-wave and thed,>_.» pairing correla-
of Dopf et al® and Scalettaet al.” In what follows we will  4i00< "o < functions of distance Y

scale all the energies hy.

For the noninteracting cas®J(=U,=V,4=0), the band 3 /AT (B
structure is easily determined &umgricaﬁy and is illustrated Pa(R)=(Aa(R)A4(0), @
in Fig. 2 for a set of parameters used. We will add andwhere
remove holes from lower band, and this band is said to be
half-filled when there is one hole per unit cell. At half-filling, - - X x
for a wide range of parameters, the ground-state is an anti-Aa(R):Z fo(0){[drdR+ 5 —dr AR+ 511+ (PR PRy 5
ferromagnetic insulator just like the one-band Hubbard 0
model. This band gap can be estimated from Fig. 2. A better - p:?ip:?+ ST]“L[DBF%T Pk, 5 pél pL, 51
physical feel can be obtained from the exact expression eas-
ily obtained if t,,=0: It is simply e. The bandwidthW  with §=+x,+y. For the extended-wave pairingf ()
= ,/_(6/2)24—8— 6/2. I.t yaries monotonically from 8 to .0 a8 =1 for all 5 and for thed,> 2 pairing, fd(3)= 1 for 5=
varies from O to infinity.e=2 marks a value for whichv ¢, f4(8)=—1 for 3= =y. The magnitude of these

=e. This picture does not change much for relatively small oo ) -
nonzero values of,,. As shown by Dopfet al? for e=1 quantities is dominated by a large peakRn(R) whenR

the charge-transfer gap is vanishing small, whereasefor =|R| is less than a few nearest-neighbor distances. Over
=3 a finite charge-transfer gap arises in the strong-couplingiese distances?,, measures local correlations among spin
region.e=1 is in the mixed-valent regime, while=3 isin ~ and charge, has little information about long-range pairing
the charge-transfer regime. And we will see that2 be-  correlations, and may give a “false positive” indication of
haves more like the charge-transfer than the mixed-valerffnhanced pairing. Because of this, we will report on neither
regime. In Fig. 3, we show the Fermi surfaces for infinitethe q=0 spatial Fourier transformation nor the partial sums
systems at the various dopings studied. like S,(L)=3g< P,(R) as done in some previous
If e>U,, the three-band model maps into a one-works® '® Instead, we will report on the “vertex contribu-
band model Witheff~t§d/e andU=Uy. ForU s>t.;, the tion” to the correlation functiongsee, for example, White
one-band model can in turn be mapped into th model et al) defined as follows:
with J=4t3./U4. Zhang and Ric€ have argued that the . .
t-J model can also be appropriate whercQy<e, Uy, V. (R)=P,(R)=P,R), (€)
Ug—e. In real materials, e/t,y is estimated to be — . o ) .
~2.7-3.7%* Therefore, besides the lack of conclusive evi-WhereP,(R) is the contribution of dressed noninteracting

dence that the one-band model superconducts, it is also upropagator: for each term iR, (R) of the form(clc;clc)),

clear that the mapping among the most studied models is
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Ea(ﬁ) has a term "ke{C%CTXCICO- We found that in most destruction operators, its exponential is replaced by sum of

cases the conclusions remain the same no matter whichxponentials of such forms via the discrete Hubbard-
quantity we look at. We will also report the partial averageStratonovich transformation. For the on-site Coulomb term,

Va_a\,e(R>L)=(1/N’)ER>LV,1(F_E) where L is about two this transformation is

lattice spacings antl’ is the number of pairs with distance e*ATUd“id(rnidw
larger thanL. o
For the static spin-spin correlation function we used the 1 § §
Fourier transform of the spin-spin correlation function for =5 e XA ;N - o) g(U2ATUa(N 5 415 ),
x=*x1

the spin on the Cu sites
€)

1 :
S(k)ZN lE e'k'(lfm)<(n|d,¢—nfj,l)(n?m_n?n,i)): (4 providedU4=0 and cosi\rl;=e ™42, For the nearest-
" neighbor Coulomb repulsion term, we make the same type of
wherel andm refers to the Cu sites arld is the number of  transformation but we have to do it many more timlel‘én}’
unit cells. For charge-charge correlations we computed &nidTnP +nidTn]Pl+nidlanT+nidLnjpl' For each term and eagh

. . - . . iT
chgrge-tr_ansfer cor_relat|on _functlon involving the O SIeSin the x andy directions, a Hubbard-Stratonovich transfor-
neighboring a Cu site quantity:

mation is required for a total of eight such transformations.
1 o Because the computational time scales with the number of
C(k)=— > e =D{p(i)p(j)), (5)  Hubbard-Stratonovich transformations, haviny g#0 in-
N ] creases the computational cost by a factor of 8.
wherej are the nearest-neighbors bfp(i):n?_nipx_npy Qne consequence qf the Hubbarq-Sf[ratc.)novich transfor-
mation is the factorization of the projection into an up-and-

I
o od P Py hai ;
with ni’, n;*, andn;¥ being the charge-density operators on down spin part. Accordingly, we reexpress the iteration step

the Cu,x-axis O, andy-axis O in the unit cell. as

I1l. NUMERICAL METHOD , - - -

I1 [g5)= | dxP)II B.(x)| o), (10)
Our numerical method, the constrained path Monte Carlo v v
(CPMC) method, is extensively described and benchmarked

elsewheré:® Here we only discuss its basic strategy and ap_where X=(X1.Xp, ... Xn) i the set of Hubbard-

proximation. In the CPMC method, the ground-state WaveStratanViFh field+$one for gach lattice s.il.eN i‘?’ th.e ngmber
function | ) is projected from a known initial wave func- Of lattice sitesP(x)=(3)" is the probability distribution for
tion |) by a branching random walk in an overcompletethese fields, an8,(X) is an operator function of these fields
space of Slater determinanit$). In such a space, we can formed from the product of the exponentials of the kinetic
write |¢o) =2 4x(#)|#). The random walk produces an en- and potential energies.
semble of| ¢), called random walkers, which represeant) The Monte Carlo method is used to perform the multidi-
in the sense that their distribution is a Monte Carlo samplingnensional integration over the Hubbard-Stratonovich fields.
of x(¢), that is, a sampling of the ground-state wave func-It does so by generating a set of random walkers initialized
tion. More specifically, starting with some trial stgtgr), by replicating|/r) many times. Each walker is then propa-
we project out the ground state by iterating gated independently by samplingcafrom P(x) and propa-

|y Y= ATH-ED| )y, 6) gating it with B(x). After the propagation has “equili-

brated,” the sum over the walkers provides an estimate of

where Er is some guess of the ground-state energy. Purthe ground-state wave functigeyy).

posely,A7 is a small parameter so fdi=T+V we can We used two different estimators for the expectation val-
write ues of some observabt®. One is the mixed estimator
—ATH __ A= ATTI2— ATV A— ATT/2
e ~e e 2™Ve : (7) (1| Ol o)
< O> mixed™ (12)

 (rlo)

and the other is the back-propagated estimator

(¢rle”"2™Olyo)
= g O)pp= , 12
|r) 1;[ |67 (8 (O)pp (e "5 o) (12
Because the kinetic energy is of a quadratic form in the crewhere| ;) is the QMC estimate of the ground state ands
ation and destruction operators for each spin, the action of itg/pically in the range of 20 to 40. For observables that com-
exponential on the trial state is simply to transform one di-mute with the Hamiltonian, the mixed estimator is a very
rect product of Slater determinants into another. While theaccurate one and converges to the exact answigf@con-
potential energy is not of a quadratic form in the creation andrerges to exact ground state. For observables that do not

whereT andV are the kinetic and potential energies.
For the study at hand, the initial stat¢) is the direct
product of two-spin Slater determinants, i.e.,
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FIG. 4. Average charge on Cu sites as a functiorvgj for FIG. 6. Average magnetic moment at the Cu sites as a function
different fillings and charge-transfer energies of V4 for different fillings and charge-transfer energies

commute with the Hamiltonian, like correlation functions, cause walkers can crodé as their orbitals evolve continu-

the back-propagated estimator has been found to give veQuSly in the random walk. Asymptotically, they populate the

accurate estimates of ground-state properties. Significant difwo halves equally, leading to an ensemble that has zero

ferences between the predictions of these two estimators ofveriap with[ ). If N were known, we would simply con-

ten exist. strain the random walk to one-half of the space and obtain an
To completely specify the ground-state wave function foréxact solution of Schlgb'nger’s .eqluation. In the constrained-

a system of interacting electrons, only determinants satisfyPath QMC method, withoua priori knowledge ofN, we use

ing (o] #)>0 are needed becaubs,) resides in either of @ trial wave function|yr) and require(ys|¢)>0. This is

two degenerate halves of the Slater determinant space, sepibat is called the constrained-path approximation.

rated by a nodal surfadé that is defined by | ¢)=0. The All the calculations reported here were done for copper-

degeneracy is a consequence of bath) and — | ) satis- oxide planes with periodic boundary conditions. Mostly, we

fying Schrainger's equation. The sign problem occurs be-Study closed shell cases, for which the corresponding free-
electron wave function is hondegenerate and translationally

invariant. For 6<6 unit cells, the dopings, producing Fermi
surfaces in Fig. 2, correspond to closed-shell fillings. In these

,,_\'\‘ cases, the free-electron wave function, represented by a
4

:\‘\ 0.55 |
'\o\‘ {

0.45

0.16 T T

S(k)

*k\‘—\k

| ®—®Nh=42;e=1.0 |
0.04 u—u Nh=42; £=2.0

o—o Nh=42; £=3.0 035  /
A—aA Nh=36; £=3.0
¥—v¥ Nh=46; £=3.0

0.00 . . L L
0.0 0.2 0.4 0.6 0.8 1.0
0.25 . L

Voa 0.0 () .0 0.0

FIG. 5. Charge correlation between neighboring Cu and O sites FIG. 7. Average static spin structure factor for Cu sites as a
as a function o4 for different fillings and charge-transfer ener- function of the wave vectok andV,4. e=1 and the number of
giese. holes equals 42.
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A. Charge correlation functions

In Fig. 4 we show the expectation values of the charge on
the Cu sites as a function ®f,4 for several band fillings and
values of the charge-transfer energyWhenV,4=0, we see
that for the half-filled case, even with a relatively large value
of €, there are a substantial number of holes distributed on
the O sites. When doped to 42 and 46 holes, most of the
added holes go to the O site. Except for #rel case, in-
creasingV,4 from 0O transfers some of the O charge to the
Cu. The transfer rate increaseseifis increased. These are
expected results: in the charge-transfer regilbhgy> e>W,
with a repulsiveV,q, it becomes energetically favorable for
some charge to move from O to Cu even at the expense of
some unfavorable double occupancy of the Cu site caused by
a largeU,. On the other hand, in the mixed-valent regime,
Uy>W>e, whene=1, we see a movement of holes from

FIG. 8. Average static spin structure factor for Cu sites as dhe Cu site to the O sites. Here the energy difference between
function of the wave vectok andV,4. e=3 and the number of
holes equals 42.

the Cu and O states is smaller, and a strong on-site repulsive
U4 favoring charge removable from the Cu sites dominates
the smaller repulsiv¥ ,4, opposing the movement of charge

single Slater determinant, is used as the trial wave functioto the O sites. In general, the presence/gf seems to ex-
|7). The use of an unrestricted Hartree-Fock wave functiorpand the charge-transfer regime. Similar results have been
as | ) generally produced no significant improvement ofseen in finite-temperature QMQRef. 9 and zero-

the results. At half-filling, which is not a closed-shell case,temperature exact diagonalizatiocstudies.

we used a linear combination of two degener@te (, )
spin-density-wave states.
In a typical run, the average number of walkers was 600ing O sites. This is shown in Fig. 5. At a given band filling,
and the time step was 0.03. We performed 1600 steps beforacreasinge only has a little effect. Similar behavior was
we started taking measurements, and we did the measuralso seen in a finite-temperature QMC stGdyOne also
ments in 30 blocks of 320 steps each to ensure statisticalbserves that in the charge-transfer regime the decreasing
independence. Back propagation measurements had 40 backie seems independent of the filling aadBecauseC(0)

ward steps.

S(k)

IV. RESULTS

Another effect of increasinyq is the decrease of the
correlation between the charge on the Cu and the neighbor-

~Np/N—(ncnp), it is no surprise to observe an increase in
C(k=0) with an increasing/,q.

It is instructive to compare our findings with results of
Stephanet al'* Their exact diagonalization results showed

As mentioned before, all our simulations were done onthat whenU,=U =, doped holes make the hole on the
lattices of 6<6 unit cells. For this size, 36 holes correspondsCu sites transfer to the O sites, and with increasigg, the

to a half-filled case. In units df,4, we setUy=6, U,=0,
andt,,= 0.3 for most studied cases. We variégl; between
0 and 1 for several different hole fillings and values of theadditional change in the neighboring Cu-O charge correla-
charge-transfer energy. We were mainly concerned with tion than the first one does. Both behaviors of the hole on the
hole-doped cases.

1.0

(a)

08

0.6

04

—eot =002
e=0-1
— =02
—a lpp=0.3
1,05

e=1.0

0.2
0,0

()

(.0)

0.0)

S(k)

1.6

charge on the Cu site decreases continuously. They also
found that the addition of a second hole produces a smaller

Cu site and neighboring Cu-O charge correlation indicate

1.4

1.2

1.0

0.8

0.6

0.4

1
0.2

(b)

FIG. 9. Average static spin structure factor for
Cu sites as a function of the wave vectoand
tpp. (@ €=1, (b) e=3, and the number of holes
equals 42.

0.0)
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(.0
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that a charge-transfer “bipolaron” forms in this system. tion. This behavior is in agreement with the experimental
Therefore they concluded that the binding energy is obtainedata for Lg geSIp 1/CUO, presented in Fig. 3 of Ref. 28,
from electronic polarization. From our simulation results, inwhere a minimum is observed air(w) along the diagonal

the charge-transfer region, the charge on the Cu site indirection. Our CPMC simulations of—t'—U Hubbard
creases with hole doping and increasifyg;, suggesting that modef® also found that for a large’, a weak peak appears
electronic polarization has no effect in the physically rel-along the diagonal direction. We remark that we did not
evant region. Hence we expect that the binding energy istudy the dependence of either of these peaks on lattice size.

mainly gained from a magnetic mechanism. To examine whether the incommensurate peak along the
diagonal direction is produced by a finite O-O hopptyg,
B. Spin correlation functions in Figs. 9a) and 9b) we display the spin structure factor

S(k) as a function ot for differente. The parameters are

In Fig. 6 we show the behavior of the local magneticy,o’same as in Fig. 7. Here a nonzepg makes the hole
moment on the Cu sites. First, we see that increasing the hohling correspond to a closed-shell case. From Figh)9

dop?ng increasgs th_e moment. More specifically, at a give%ven for a very smalt,,, a weak peak at them(— &',
doplng, INCreasing: INCreases the moment. Wh@t_Pl' n- _ o") still exists. With i%%reasingpp, the spin-spin correla-
creasingV,q increases the moment, but wherr1, increas-  yjons are strongly suppressed near the antiferromagtAefic

ing Vpq4 decreases it. .Clearly,.the increase of the moment iSyave vector ¢r,7), and at the same time the amplitude of
strongly correlated with the increase of charge on the Cipe jncommensurate peak along the diagonal direction or ten-
sites. 02ency to this peak forming is enhanced. For the half-filling

h Ir::F|g_s. 7 andf8 we ?hﬁw the_ wave veptor de;?er?derf\ce ase(data not shownwe also observed that increasityg,
the Fourier transform of the static spin-spin correlation “”C'greatly suppresses AF order.

tion for the Cu sites as a function ¥, for a doping to 42
holes. This function is plotted along high symmetry lines in 2.0 . : m ;
the first Brillouin zone. The different figures correspond to
different values ok. In mixed-valent regiméFig. 7), we see
that increasingv,q suppresses this function over the entire
zone. This suppression is consistent with the suppression ¢ 15
the local moment seen in Fig. 6. On the other hand, in the
charge-transfer regim@ig. 8), increasingv,q enhances this
function, again consistent with the enhancement of the locag
moment seen in Fig. 6. By comparing the two figures, we seeg® 10
that for a givenV 4 increasinge increases these correlations
and sharpens the peaks in the functions. In each figure ther
are two principal peaks: One is connected with the displace-
ment of the antiferromagnetic peak ta,(m— 5). The other
is the appearance of an incommensurate structuremat (
-6 ,m—468"). A weaker spin-density-wave structure is at
(7,0). 0.0 : . .
Previous QMC simulations of the one-band Hubbard 0 1 2 3 4 5
modef®?” have seen a similar shiftingnd splitting of the
peak in the static structure factor from the antiferromagnetic F|G. 11. d-wave pairing correlation function as a function of
position (m, ) to positions ¢r,m— ) on the face of the distanceR for different values o/,4. The number of holes equals
Brillouin zone and r— &',7— &') along the diagonal direc- 42.
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FIG. 12. Local R=0) vertex contributions to
the extendeds- and d-wave pairing correlation
function as a function o¥ 4 for different values
of e andV,4. The number of holes equals 42.

Finally, we report how the AF long-range order in the cutoff can exhibit behavior indicative of the only the short-
half-filing case is destroyed by the hole doping. In Figs.range behavior and hide the more relevant long-range behav-
10(a) and 1Qb), the spin structure factor is plotted for dif- ior.

ferent hole-filling cases. From Fig. @), it is clearly seen

The short-range behavior is illustrated in more detail in

that AF spin-spin correlation is strongly suppressed by thd=ig. 12. For two different values a4, we plot the value of

hole doping. As shown in Fig. 16), in the light hole-doping

the R=0 peak in the vertex contribution for both extended

region (N,=42), there exist two incommensurate peaks.swave andd-wave symmetries for several values af In
When the system is doped i4,= 46, the incommensurate both the charge-transfer and mixed-valent regimes, Rhe
peak along the diagonal direction disappears, but the peak oa0 value for both symmetries increases monotonically with

the face of the Brillouin zone is robust. In the heavy-dopingincreasingV g .
region (N,=54), the spin structure factor is featureless near
(7r,7), and the peak occurs atr(0).

tance and/,q is shown in Fig. 11. Here we show thevave

C. Pairing correlation functions

For comparison, the long-rang®%2) behavior is illus-

trated in Fig. 13. In both the and d-wave channels, the
long-range vertex contributions in the charge-transfer regime
decrease with increasing,q but in the mixed-valent regime

_ - _ _ _ ~itincreases. Over the range f,4 simulated, the long-range

A typical pairing correlation function as a function of dis- part of thed-wave contribution is consistently larger than

that of thes-wave contribution.

function and see that it is dominated by a large peak at short As a function of filling, the behavior is more complex.

distances R<2). At these distances, increasing,q in-

Figure 14 shows the short-range part of the vertex contribu-

creases the magnitudes of the correlations slightly. At largetion. In the mixed-valent regime, both the extendedave
distances R>2), the trend reverses. The dominance of theandd-wave channels decrease rapidly with electron and hole

local peak is such that a measure of pairing like k0

doping. In the charge-transfer regime, tth@vave functions

dependence of the Fourier transform of the pairing correlafall with doping but the extendedwave contribution ini-

tion function or the integral oP(R) with a large distance
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tially increases. The long-range contribution, shown in Fig.

FIG. 13. Long-rangéaveraged foR>2) part
of the vertex contributiongaveraged overR
>2) to the extended- and d-wave pairing cor-
relation function as a function of 4 for different
values ofe andV 4. The number of holes equals
42.
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s 0.3 06 - FIG. 14. Local part R=0) of the vertex con-
o tributions to the extended and d-wave pairing
RS 5 04 correlation function as a function of filling/q
0. T =0. The number of holes equals 42) e=1. (b)
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15, shows the dominance of tlitwave channel. In the away from half-filling was accompanied by a rapid suppres-
mixed-valent regime it basically decreases with dopingsion of antiferromagnetic correlations. As a function of dop-
whereas in the charge-transfer regime, it initially increasesng, e, andV,q, the behavior of the magnetic moment on the
but only to decrease rapidly for large hole doping. Our find-Cu sites was strongly correlated with the behavior of the
ings suggest that the conclusions of Dagfal® reflect the  charge on the Cu sites.
behavior of local-interaction vertex, not the long-range prop- As a function of distance, both thag2_ 2-wave and ex-
erty. tendeds-wave pairing correlations decayed quickly. In the
charge-transfer regime, increasingq decreased the long-
range part of the correlation functions in both channels,
while in the mixed-valent regime, it increased the long-range
We summarize our results as follows: Using the CPMCpart of thes-wave behavior but decreased that of thevave
method, we simulated the two-dimensional three-band Hubbehavior. Still thed-wave behavior dominated.
bard model to study its charge, spin, and pairing correlations We presented a more extensive study of the effect,gf
as a function of electron and hole doping, and the chargethan previous QMC studies at zero and finite
transfer energy and the Coulomb repulsioW,q between temperatur&-!! As these previous studies, our results illus-
charges on neighboring Cu and O lattice sites. We found thatate the presence of both and d-wave correlations in the
increasingV 4 suppressed the charge-charge correlations becharge-transfer regime, with ttlewave correlations gener-
tween neighboring Cu and O sites. In the mixed-valent really dominating. In contrast to these studies, the present re-
gime it had the effect as moving small amounts of chargesults highlight the difference in the behavior between the
from the Cu sites to the O sites. In the charge-transfer reshort- and long-range parts of these correlation function and
gime, the effect was the opposite. Upon hole doping, more ofthus clarify the extent to which the models show supercon-
the extra holes went to the O sites than to the Cu sites.  ducting tendencies. Figures of merit that include the short-
At a given doping, increasiny,q increased the spin-spin range part are dominated by the behavior of the short-range
correlations in the charge-transfer regime but decreased thepart. For the system size studied, the correlations are weak.
in the mixed-valent regime. Also, electron and hole dopingWe did not study these correlations as function of system

V. SUMMARY AND CONCLUSIONS
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o
A 0.004 - ] FIG. 15. Long-range parfaveraged forR
= >2) of the vertex contributions to the extended
% s- and d-wave pairing correlation function as a
o 0.002 I function of filling. V,4=0. The number of holes
> 00001 equals 42(a) e=1. (b) e=3.
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size. We believe the size dependence will be the same as thatodel seemingly with more realistic features than the much
in previous studies. simpler one-band Hubbard model does not necessarily in-
Lastly, complementary to results presented so far, werease the tendency towarding the physical behavior one
briefly report the effects olJ, on charge, magnetic, and would like to see.
pairing correlations. In both the mixed-valent and charge-
transfer regions, and for all band fillings, we found that a
finite U, (U,=2.0) moves some charge from the oxygen
sites to the copper sites, which causes an increase in mag- The work of Z.B.H. was supported in part by the Ear-
netic moment at the copper sites. Consistent with previousnarked Grant for Research from the Research Grants Coun-
observation§*'® that U, has a negative effect on the hole cil (RGC) of the HKSAR under Project No. CUHK 4190/
binding, the long-range part of tteewave correlation func- 97P-2160089. The work of J.E.G. was supported by the U.S.
tions is suppressed by ,. Our simulation results also show Department of Energy. Part of his work was performed when
that U, has a larger effect in the mixed-valent region thanhe was a guest of the Chinese University of Hong Kong. He
that in the charge-transfer region. In general, considering gratefully acknowledges this hospitality.
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