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Starting with the three-band extended Hubbard mdded-p mode) widely used to represent the CyO
planes in the highF. cuprates, we make a systematic reduction to an effective single-band model using a
previously developed cell-perturbation method. The range of parameters for which this mapping is a good
approximation is explored in the full Zaanen-Sawatzky-Allen diagfeapper Coulomb repulsiob 4 versus
charge-transfer energy), together with an investigation of the validity of a further mapping to an effective
charge-spin {-J-V) model. The variation of the effective single-band parameters with the parameters of the
underlying multi-band model is investigated in detail, and the parameter regime where the model represents the
high-T cuprates is examined for specific features that might distinguish it from the general case. In particular,
we consider the effect of Coulomb repulsions on oxygéeg)(and between copper and oxygevn,(). We find
that the reduction to an effective single-band model is generally valid for describing the low-energy physics,
and thatV,q and U, (unless unrealistically largeactually slightly improve the convergence of the cell-
perturbation method. Unlike in the usual single-band Hubbard model, the effective intercell hopping and
Coulomb interactions are different for electrons and holes. We find that this asymmetry, which vanishes in the
extreme Mott-Hubbard regimeJ<<¢), is quite appreciable in the charge-transfer regitdg>¢), particu-
larly for the effective Coulomb interactions. We show that for doped h@d@ming Zhang-Rice singleton
neighboring cells the interaction induced Yy, can even be attractive due to locally enhanpechybridiza-
tion, while this cannot occur for electrons. The Coulomb interaction induced pis always repulsive; in
addition U, gives rise to a ferromagnetic spin-spin interaction which opposes antiferromagnetic superex-
change. We show that for hole-doped systems this leads to a subtle cancellation of attractive and repulsive
contributions, due to antiferromagnetic and charge-polarization effects, to the net static interaction in a charge-
spin (t-J-V) model, and we discuss the significance of this result. The asymmetry iaghkh, andeh
effective hopping parameters can be particularly large for next-nearest neighbors. Specializing to cuprate
parameters, we find that the asymmetry in the nearest-neighbor hopping parameters almost (zatistezs
tally), while the next-nearest-neighbor hopping paramgtés close to zero for electrons but is appreciable for
holes ¢'~—0.06 e\j. The effective Coulomb interaction between doped holes is found to be repulsive, and
even slightly larger than for electronall the underlyingd-p parameters make significant contributions to the
effective interactions and it is shown that certain approximations, suth;ase andt,,=0, can be qualita-
tively incorrect.

I. INTRODUCTION was proposed by Varmet al.,® who emphasized the impor-
tance of charge-transfer excitations.

Since the discovery of high; superconductivity, there However, Zhang and Ri€showed, at least in the limit of
has been a great deal of discussion about the choice of aufficiently large Coulomb copper repulsiond{) and
effective model suitable to describe the properties of the copeharge-transfer energy € e,—¢4), that the Emery model
per oxide planes in the perovskite structure. Andetsmm-  does indeed reduce to an effective single-band model for the
jectured that a single-band Hubbard model may be the routw-energy physics because doped holes would form local
to understanding the origin of the unusual behavior of thesginglets. Although their treatment was again based on strong-
materials. In the regime of strong correlatioid>t), the  coupling perturbation theorgand neglected Coulomb repul-
Hubbard model reduces to the so caltedl model, with the  sions on oxygen, between oxygen and copper, and the oxy-
exchange interactiod arising in second order in perturba- gen bandwidth which, as demonstrated explicitly by Eskes
tion theory,J=4t?/U. The validity of an effective single- and Jeffersor,is clearly not valid for realistic parameter
band model was questioned by Enfefyllowing convincing  values, the concept of locBZhang-Rice(ZR)] singlets nev-
experimental evidence that mobile holes go predominantly irerthelessis valid. Indeed, impurity calculatiofisas well as
oxygen 2, and 2p, orbitals®* He proposed a three-band exact calculations on finite clustérd have demonstrated
extended Hubbard modébften referred to as the Emery that the ZR singlets are well separated in energy from a
mode) and went on to describe processes, based on strongaanifold of higher-lying two-hole statészurther support for
coupling perturbation theory, which did not appear to havehe equivalence of a single-band description came from exact
an analog in the single-band description. A similar modeldiagonalizations of small clusters which showed directly, by
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suitably fitting the parameters of the single-band model, thatailed investigation of the effect of the various Coulomb re-
the low-energy states could be made to match closely thosaulsion terms Uy, U,, andV,4) on the parameters of the
of the Emery modet®? This was taken further by Batista effective single-band model, with simple argumefatsd ex-
and Aligia who combined results on finite clusters with apressions which highlight the physics behind the effects
strong-coupling canonical expansion of the Emery model téhey produce. This extends our previous treatrifefor
get improved estimates of the effective parametérs. which Ug= andU,=V,4=0. .

A more explicit derivation was given by Jefferson, Eskes, The plan of the paper is as follows. In Sec. Il we briefly
and Feiné¥ and independently by Lovtsov and recapltulate the cell approach shov_vmg how the_ original
Yushankha® and by Schtiler and Fedr by means of the multi-band _model may _be _expressed in the _ceII b_a5|s. In Sec.
cell-perturbation method introduced by Jefferdéihe great !l we outline the derivation of an effective single-band
advantage of this approach is that, unlike the conventiondinodel, stressing the S|m|Iar!t|es and differences to the usual
perturbation approach, it is highly convergent, giving accu-1ubbard model and exploring the range of parameters for
rate results in second order over a wide range of parameter&hich such a mapping may be justified. We investigate in
A further advantage is that the method also generates explid?—art'ClJIar whether the mapping can break down because of
itly all terms of the effective single-band Hamiltonian, show- the presence of the “Emery-Resiter tnp!éf”(_)r the Frenkel-
ing unequivocally the occurrence of residual interactions belYP€ charge-transfer e_xc@&ﬁ.‘l’he mapping is actually from
tween the effective particles in the single-band model. Thig tWo-band model which includes only one orbital on copper
could be relevant, for example, in identifying interactions, (3dx2-y2) and one “molecular” orbital on the surrounding
absent in the ordinary Hubbard model, which might give rise®*Ygen ions which transforms in the same wag., like
to superconductive pairing. This controversial issue is of curP1)- The validity of this restriction to two bands will be
rent interest in view of the apparent absence of supercondu@-'Scussed in the following companion paﬁ%he_ncefo_rth re-
tivity in the ordinary Hubbard model as demonstrated byferred to as I, where we consider further orbitals, including

quantum Monte Carlo studié&® with similar studie€® as P, orbitals on apical oxygen. In Sec. Il we also make a
well as mean-field approach®s23indicating that a super- detailed investigation of the dependence of the parameters of

conducting phase does occur in the Emery model. the effective models on those of the original two-band

Since its introduction, the cell approach has been furthefodel- This includes the effective hopping parameters, the
exploited for various purposes. This has included estimation§uPerexchange, and the residual effective Coulomb interac-
of triplet admixtures into the ZR singleté?® an investiga- tions. In particular we investigate the physical consequences
tion of residual effective hole-hole interactioffsa more ac-  Of varying the Coulomb repulsion termaJg, U,, and
curate estimate of for the cuprates in the presence of addi- Vpd) together with the charge-transfer eneegand oxygen
tional Coulomb repulsiongon-site oxygenU, and copper- bandwidth. For the effective single-band model this includes
oxygen V) 2728 an investigation of the influence of those the metallic as well as the insulating side of the metal-
Coulomb interactions on the metal-insulator transifidff ~ insulator(Mott) transition and a discussion of the asymmetry

and an analysis of the relation between the single-particl@etween electron and hole doping. Here we discuss in detail
spectra in the Emery model and in the effective single-bandne remarkable result that the effective Coulomb interaction

model3! between doped holes can be attractive due to the hybridized
Nevertheless, the issue of the validity of an effectiveNature of the ZR singlets, while the interaction between
single-band description has remained controvefsis, e.g., doped eIect_ronGS is invariably repulsive, to which we recently
the discussion in Refs. 19,82in particular if thed—p  drew attentior? A further reduction of the effective single-
charge-transfer ~excitations promoted by, were _band model, to an 9ffec'uve charge-spin model_, is performed
important® since the oxygen degrees of freedom are in d" S€c. IV where it is shown that the range of initial param-
sense integrated out in going to the single-band model, angters f_or whu_:h this is justified is S|_gn|f|cantly more restric-
this issue is taken up in the present paper. The above invelYe- Finally, in Sec. V. we summarize the main results and
tigations focused mainly on the particular set of parameterg'scuss their |r_an|cat|ons. Mathenjancal details are collected
appropriate for the cuprates. In the present work we take ' the Appendices of the companion paper II.
somewhat different perspective and explore the range of pa-
rameters in_extended Hubbard models for which_a.mapping Il. HAMILTONIAN IN THE CELL BASIS
to an effective single-band model or, more restrictively, an
effective charge-spin model, may be justified by the cell- We start with a multi-band, tight-binding model for the
perturbation method. This includes the metallic as well as th€€u-O planes of the high-temperature superconductors, which
insulating side of the Mott transition. In particular, we askincludes orbitals on both copper and oxygen. Only nearest-
whether the low-energy physics of charge-tran$¥) sys-  neighbor Cu-O and O-O hopping terms are included together
tems is basically equivalent to that of Mott-HubbaiMH)  with on-site Coulomb repulsiofHubbardV) terms on Cu
systemsn genera) or just for a selected parameter regime inand O and between Cu and O. Relative to a “vacuum” of
the Zaanen-Sawatzky-AlleiZSA) phase diagrart One filled 3d shells on the copper andp2shells on oxygen, the
motivation is to possibly find a clue for highs supercon- most important orbitals are thed® ,2(d,) orbitals on Cu
ductivity by ascertaining what, if anything, is special aboutand 2p,/2p, o orbitals on O. It is believed that holes in
the cuprates. Do they behave effectively like a Hubbard sysftantibonding hybrids of these orbitals are primarily respon-
tem while an arbitrary CT system would not, or is it, for sible for both magnetism and conduction in the Cu-O planes,
example, that the residual interactions after mapping on at least for hole concentrations relevant to the insulating and
Hubbard model are unusually strong? We also present a dsuperconducting regimes. Since there are just three orbitals
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per unit cell(i.e., ad, orbital on the Cu site withp, and

py orbitals on neighboring oxygen ions with lobes pointing

towards the copperthis d-p model is sometimes referred to
as the three-band mod@r as the Emery modgl
The HamiltoniaA® may be written in the form

HZE Sini+2
[ (ij)

2 t” (CiTa_Cja.‘f' HC)

o

+Ei UiniTnil+% Vijninj. (21)
1]

The indexi runs over all localized orbitals in the Cu-O
plane, i.e.ci=d,;, thed, orbital located at copper sitg or

Px,i(Py,i), thepy(py) orbital on the nearest-neighbor oxygen

site to Cu sitd in the positivex(y) direction;ej=gq4 or g
are the local energies on Cu and €3;are nearest-neighbor
hopping matrix elements, i.et;; =+t 4 or £t,,, with due
regard to the phase of the orbitdllirect Cu-Cu hopping is
neglectegt U;=Uy or U, is the on-site Coulomb repulsion
energy; andV;;=Vq is the Coulomb repulsion energy be-
tween nearest-neighbor Cu and O igadl other Coulomb
matrix elements are neglecdedn later sections we will
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Hee= Hhopping+ de+ Hp ) (2.3
where the three parts are
Hhopping: - 2tpd%,2 ,(L” (dI,iUbjU_l— biTO'dX,jO')

_thp%,z ViibiTabjrra (2.4
de:Vpd%,; iy n{ Vbl bj., (2.5

— ! T t
Hp_Up% riijbi biy by by (2.6)

where the coefficientg; , vjj, ¢iij, andy;; follow from

the Wannier transformatiofsee Appendix A of Il for further
detaily, and the primes on the summations indicate that the
intracell terms (=], |=i=j, andk=1=i=], respectively
should be omitted, since they are already included in
(2.2. It is easy to see that while the tight-binding model in
the original basi$Eqg. (2.1)] had only nearest-neighbor inter-
actions, the transformed Hamiltonian has no such restriction

make plots of various quantities which depend on these p and the summations are over all cells. This is to some extent

rameters, in which one or more are varied from a “standar
set” typical of the cuprates. We take this standard set to b

(in units of tyy=1.3 eV £ zlsd=2.7, tpa=1, tpp=0.5,
Ug=7,U,=3, andVp4=1°"

The first stage in obtaining a representation of the Hamil

tonian in the cell basis is to transform the oxygen orbital

is readily done by forming the “molecular” orbitals
%(px—py—p_x+p_y) (transforming like b;) and
1 . .

2(Px+pPy—pP_x—p-y) (transforming likea;), these local

oxygen orbitals are not orthogonal. It is actually more con-

venient to transform to orthogon@Vanniep orbitals using
the “canonical fermions” of Shastf or a variation thereof.
(See Appendix A of Il for further detailsThe whole prob-

lem now reduces to a square planar array of “cells,” each o

which contains thre¢hole) orbitals:d,, a (transforming like
a,), andb (transforming likeb,). As pointed out by Zhang

and Rice® much of the essential physics is retained if we
reduce this to a two-band model by simply dropping the

terms involving thea orbitals, since with the “canonical”
choice for the oxygen Wannier orbitals thgorbital on a Cu
ion hybridizes only, via hopping, with the orbitals, and the
a-b coupling is weak? The resulting two-band model may
be written in the forrH=Hy,+H., whereH, is the Hamil-
tonian for noninteracting cells and_. the cell-cell interac-
tion. Explicitly, Hy has the formHy=Z;h;, whereh is the
Hamiltonian for a single cell:

d)(d
+H.c)+Ugn{@n(?

X, o~ 0T

h=en®-7> (df b

+Upn{”n{”+Vgpn@n®), (2.2

with g:{-}p_ g4~ 2vodpp=€p—&q— 1.4536,, (the effective
charge-transfer energy of theb band, 7=2uqdpqg
=1.9162tpy,  Up=1thgeod)p=0.2109U,, and Vg
= ooV pa=0.9180V,,4.** The cell-cell interactionH is
conveniently decomposed as

rtificial, being a consequence of the orthogonalization of the

%xygen molecular orbitals, described above, which generates

long-range, but quite rapidly decaying interactions. In prac-
tice we shall restrict the interaction range to nearest- and
next-nearest-neighbor cells. Note that the retention of next-

Snearest-neighbor interactions is important and represents a
to a form which reflects the local symmetry. Although this g P P

real physical effect, since their main contribution comes
from direct O-O hopping {,,,) of the in-plane oxygen holes.

We also see directly froni2.5 and (2.6) that the trans-
formed Hamiltonian will, in addition to the two-cell interac-
ions, contain three- and four-cell interactions arising from
the O-O and Cu-O Coulomb terms. Since the Wannier coef-
ficients ¢;; and ¢y;; are in general somewhat smaller for
hree- and four-cell terms than for two-cell terms
(iij<iij, etc., eg., ¢10:=0.0296, while oo
=—0.1342, where 1 denotes a cell that is nearest neighbor
to cell 0), then it is tempting to drop simply all terms involv-
ing such Wannier coefficients with more than two different
indices. However, this isi0t necessarily a good approach
since the summation of all such terms is not small, in gen-
eral, and may be comparable with the two-cell terms due to
the sum rules =, jyij=—2¢i; and =i j)duij
=—2¢;;; (see Appendix A of Il. We cannot apply this di-
rectly in Eqgs.(2.5 and(2.6) due to the presence of the num-
ber operators(® andn{® , respectively, in the summation.
However, we may assume that some “reference” values
n@ n® are available for these densities, from which devia-
tions are small or few. For example, for low doping most
cells will have just one hole and one would set
n@=ni=(g,|n|g,), etc., where|g,) is the one-hole
ground state of the single-cell Hamiltionidm Eq. (2.2).
(See also belowlt is then expedient to perform the summa-
tion of the three-cell terms with all summed-over cells as-
sumed at the reference densities, and include the result with
the two-hole terms. Performing this rearrangement in Eq.
(2.5 and invoking the above sum rule together with the re-
lation ¢i; = ¢yj; yields, directly,
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, (D) with the double prime indicating that both intracell and two-
de:Vpd%‘; Gijini o n; cell terms are excluded. Note that we have explicitly sepa-
rated contributions which do not transfer chargee first
_ sum, which gives rise to effective Coulomb interactions be-
! (n'D 4 pld _ophpt p. ' o . e
+Vpd; 2;4 i (i 7+ N7 =20 bi,bj, tweend holes and holes and contributions which give rise
to effective hopping ob holes(the second suThese will
" (A =)yt be considered further in Secs. lll E and Ill B, respectively. In
+Vpd% ; ¢ (M7 = L)bighi,, (279 exactly the same way we can rearrange @) as

_ ! b) (b T 4 b b b
Hp—Up; l/’iiij(”i(T)”h)_bmbubLanUp% ; i (nfg + iy =20 bl by,

+up§j Wiaij (bl by — 0t 8 (b by — T 6). 2.9

We have again separated contributions which do not andt al,?* the matrix elementgiv’,ju'|H Jiv,ju) may be
which do transfer charge. The forméirst sum contains computed explicitly by first calculating the cell-independent
effective intercell spin interactions between holes on oxygengopefficients in the expansiond, ;, ==,/ (v'[dy ,| V>XiV,V
in addition to effective Coulomb terms. These will be Con'andbi(,zEy/,,@’lb(,l V>XiV,V and then substituting these ex-
sidered further in Sec. Il D. The remaining three- and four'pansions into the cell-cell interactidf,, in two-bandd-b

cell in4teractions in Eqs(2.7).and (2.8) are expected to be representation, Eq$2.4),(2.7),(2.8). We emphasize that the
weaK" and we shall further ignore them. Hamiltonian expressed in this cell basis is entirely equivalent
The essence of the cell method is to express the two-bang the Hamiltonian in thed-b basis[except that we have
Hamiltonian in terms of the eigenstates of the single-cellymitted now the three- and four-site terms, which would sim-
Hamiltonianh [Eq. (2.2)], which already include most of the 1y have added to Eq2.9) terms containing products of
electron correlation that results from the competition be+nree and four Hubbard operatdrs
tween Coulomb repulsion artd hybridization. Let us de- Finally in this section, we note that the cell-cell interac-
note the cell eigenstates By), with corresponding eigen-  tion terms fall into two classes. In the first class the occupa-
values E,. The parameterr denotes collectively the tion numbers of the cell states remain unchanged under the
qguantum numbers for the cell eigenstate which includes thgction of He. They include diagonal matrix elements
number of particles as well as the orbital and spin quantu ivjulHediv,ju)=v"*, which are independent of the
numbers. Since there are two independent orbitals per cer;ipin of any of . the states involved, such as
these states consist of a vacuuzero-hole state|0), two (ig,,jSIHcdig,.jS)= gs

) =v;”. These may be regarded as ef-
one-hole statefy,,) and|e,) (doublets, three two-hole sin- o tive Coulomb interactions between cells. There are also
glet stategS), |S'), and|S’), and a two-hole triplet state

Ty (See A dix B of Il for details.Th furth effective exchange interactions between cells, such as
m)- (See Appendix B of Il for details.There are further éig(,,jg;|Hcc|ig{;,jg{,)Ejﬁ.The second class involves the

states with three and four holes per cell, but these are high fansfer of a hole from one cell to another and these terms

in energy and will not be considered furthéFhe effect of may be regarded as effective tight-binding hopping terms

these multiple-hole states may be estimated by perturbatiolgetween cells. Our convention for the corresponding matrix
theory and shown to be very small.

The Hamiltonian may now be readily expressed in termslements is(iv’,ju'|[Hediv,ju)=tj " *, where the cell

of the cell eigenstatesy), using Hubbard’s so-calle  State [v')  (|u')) contains one more (les9 hole
N than |v) (|u)). For example, the matrix element
operator® X! '=|iv')(iv|,

(iS,j0[Hdig .jg;)=t;% represents a hole hopping from
cell j to celli, for the case where each cell contains one hole
in the initial state, wherea@S, jg,|H.dig, .jS)=t;;9%°rep-

H=>, > E, X' resents the exchange of a ZR singlet with a spin.
i v
IIl. EFFECTIVE SINGLE-BAND MODEL
+Z E <iV,,j/»L, |Hcc|ivvj/~L> Xil/'v x].ll.,/.L, (29) BY THE CELL METHOD
) v’ ! A. Form of the effective Hamiltonian
where the second sum is over all pairs of sifest not re- In this section we will describe how the two-band model

stricted to nearest neighborsAs pointed out by Hayn may be reduced to an effective single-band Hubbard model
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and present detailed results on the variation of the effective The simplest way to construct an effective single-band
single-band parameters with the parameters of the underlyingamiltonian from the two-band model described in the pre-
d-p model (i.e., tyq, tpp, & Ug, Up, andV,g). We will,  vious section is to simply restrict the cell basis set in Eq.
where possible, give physical reasons for the behavior olx2.9) to the lowest-energy states on each cell, i.e., the
served and emphasize any special properties of the effectivgacuum” state |0), the lowest one-hole statlg,)=|o),
model for the parameter range appropriate to the cuprategnd the lowest two-hole sta&) (the Zhang-Rice singlgt
The parameter range for which the mapping is expected 10 bgnjs is equivalent to first-order perturbation theory giving an
valid will also be discussed. This essentially extends our earsfactive HamiltoniarH «=PHP, whereP is the projection

lier work in which we considered only t'he mapping tp aoperator for all many-cell states in this restricted basis set.
charge-spin model by the cell method with the approx'ma'Explicitly Heq is, from Eq.(2.9)
L] e 1 . . L]

tions Ug=2 andU,=V =01

Heir=(Eq—Eo) 2, X" +[2(Eq—Eo) + Uer] 20 X7
(o8
+ > {[tI09XIOXO7 4 309K STX IS 8RO\ (XTOKTS+ XSTXO7) [+ [i T}
(iho

+<Z> [v XX 0+ 0 S XX S+ v IS XPX T+ XX ]

1]

+<% [V PI(XPOX7+ XTTX0) + 0 P Y XEXT7+ XX
ij)o

+ & [089XTIXT7+ 0 IOXTIXTT+ XTTXT7 ], (3.1
ij)o

whereU=Es—2E4+Eg, N\y=—\ =1, and(ij) denotes Similar terms do, however, occur in a more general single-
a pair of cells(not necessarily nearest neighbomdote that, band Hubbard modeland were indeed considered by
as implied by the notation, the matrix elements are inde- Hubbard. They would give rise to the same forms of
pendent of spin when one of the two cells is either unoccuinteractions present in3.1), as can be seen explicitly
pied or doubly occupied with holes, but depend on whetheby adding the Coulomb and exchange terig;,Vi;nin;

the spins are parallel or antiparallel when both cells are sin+ Sije Jijcfgcigcf(;cjg to the usual Hubbard model and ex-
gly occupied. As we show later, this spin dependence comegsressing the result in terms Bfoperators. Thusl o« given in
entirely from theU,, term in the original Hamiltoniari2.1).  this “first-order” approximation has exactly the form ex-
With the help of some Hubbard-operator identitfesnd ex-  pected from a single-band Hubbard model, apart from some

ploiting rotational invariance, we can, quite generally, makeasymmetry in the effective parameters.
this spin dependence explicit and rewrite the last summation

in (3.2) in the form
B. Validity of the effective single-band model
1 We now discuss the validity and possible breakdown of
<izj> [oB™XFEXFE+ 03 (S § = s XPEXF)1, B2 the effective single-band form given in E¢B.1). As with
any first-order perturbation approximation, it is reasonably
where X%99=%, X77, the projector onto the singly oc- accurate provided that the base states neglected have suffi-
cupied cell subspace, adg =2 (vi®—v%=2j;;. We have ciently high energies. This is not the case here. However, for
chosen the usual convention of including the terma wide range of parameters the base states omitted are suffi-
— 12y Jij XPOXP9 with the spin part rather than absorbing ciently high in energy that they may be accounted for by
it in the first term in(3.2). This ensures that the spin part perturbation theory or, equivalently, by a Schrieffer-Wolff
makes no contribution for purely ferromagnetic states. transformation. Such perturbation corrections have two ef-
Comparing(3.1) with the expression one would obtain fects. They renormalize the effective parameter€3id) and
from the usual single-band Hubbard md@ethen expressed they give rise to new termgsuch as spin-flip scattering
in terms ofX operators, one sees that there is a direct correterms. In this section we shall include renormalization ef-
spondence for both the single-cell terms and the two-celfects to second order in perturbation theory, deferring a brief
hopping terms. The only essential difference is the electrondiscussion of the most important new terms until Sec. IV. In
hole asymmetry in the hopping terms @.1). The extrav order that a second-order perturbative treatment be reason-
(effective Coulombp terms and thegj (effective exchange able the corresponding expansion parameters must be small.
term in (3.1) do not appear in the usual Hubbard model.In our case the critical expansion parameters are of the form
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[t/ AE| wheret is a matrix element corresponding to a tran-

- : . o 1 (b
sition from a state in the “model subspace” to states in thre m=U i 2 [0/ InSb] | w)(u' b, )
which one or more cells are in higher-energy excited cell 7
:géens, andE is the(unperturbefienergy to make this tran- +<v’|bl|v><u'|nf;t))b(,|u)
In order to understand the dependence of the expansion —nP(v bl ) (' byl 1)]. (3.5

parametersgt/ AE| (and also of the hopping parameters oc- . ) . :
curring in the effective single-band model; see next seictionAga!n' the f'r.St tW(.) terms corr_espond to d'reCt. hopping from
on the parameters of the underlyidgp model, it is helpful cell i to cell j, while the last, indirect, term arises from the

, i b) _ ~(b) _
to write down explicitly the various contributions to the ef- TO(%Q’ via allother cells . Here we have sef”) =n(*) =
fective hopping parameters. Not surprisingly, the main conzNg , €quivalent to the assumption that all those cells carry

tribution comes from the baned and pp hopping: alg,) cell state with equal probability for the spin to be up
or down. This choice of a “paramagnetic” background, al-

though probably not realized at half-filling, seems to be the
only obvious way to kee3.5) spin independent, i.e., to put

vivp' w_ 4T ’
thopij " = _thdﬂijg [(v'|dy ol )" [Dg ) all spin dependence in the “true” three-cell tertgvghich we
further ignore.
+(v'|b]] vy (' [dy o )] Equations(3.3), (3.4), and (3.5 clearly show that the

magnitude of any hopping matrix element, and in particular
the relative contributions made Iby, andt,,, depends criti-
— 2ty '|b! 'lblw), (3.3 h '€ Bya andipp, :
ppy”g (v'lbalw){u[bols) @3 cally on the precise composition of the cell states involved.
More specifically, there will be interference between contri-
) ) o butions coming from the various component basis states in
as obtained directly froni2.4) by substituting the Hubbard- each cell state. One further observes from E@s4 and

operator expansion fal,;, andb;, . Also the Coulomb in- (3.5) that for the direct terms i”."* * andt” **'* to be
teractions involving oxygen holes contribute, in particular to " pij P

nearest-neighbor hopping, because each oxygen, being innonzero, at least one of the cell states must be a two-hole

position bridging two cells, contributes to the cell states ofs‘?ate, while there is no such restriction for the indirect terms.
2 : ! One thus expects the contributions frafgy andU,, to hop-
both. The contribution made byyq is, from Eq.(2.7), ping parameters for two-hole states to be significantly

smaller than to hopping involving only zero-hole and one-
hole states, because of partial cancellation in the former case.

t;;f'i’j""=Vpd¢nj > In DB ) (! oy p) As regards the Wannier transformation coefficients, those
o relevant for nearest-neighbor hopping aug;= —0.1401,
+ ’ bT ’ (d)b Vo1— — 02732, ¢001_: - 01342, 110-0001: - 00303, those
(v [y )(w! Iy | ) for next-nearest-neighbor hoppingsg,=—0.0235, vq,

that the hopping contributions coming froviy4 and(in par-

ticular) U, will be generally smaller than those frotgy and
wheren{’=(g,|n@|g,). We recall that the first two terms t,,. The relative signs imply that the Coulomb terms oppose
correspond to “direct” hopping from cell to cell j, while  the effect ofpd hopping and therefore reduce the magnitude
the last, “indirect,” term arises from the hops via ather  of the hopping matrix elements when the direct terms are
cells], and the choice®=n{" assumes that those cells all larger than the indirect term and vice versa. Note, however,
carry a one-hole cell statfy,). Obviously, therefore, Eq. thatV,qandU, also affect the magnitude ¢8.3) by modi-
(3.4 embodies a specific assumption about the “back{ying the wave functions of the two-hole cell states.
ground” in which the hop is taking place. Such an assump- An examination of the eigenspectrum of the single-cell
tion is inevitable because of the occurrence of what are forHamiltonian, Eq(2.9), shows that, over the whole parameter
mally three-cell termgcompare Eq(2.5)], so that strictly range of interest, there is one “excited” cell state which is
speaking any hopping matrix element induced \i, de-  closer to the states in the ground manifold than the remaining
pends on the occupation @l cells, not just of the cells excited states. This is the two-hole triplet state, the impor-
between which the hop actually occurs. In the low dopingtance of which was first pointed out by Emery and Refter.
regime the choice implied b§3.4) seems most appropriate, We shall refer to it as the Emery-ReitéER) triplet. The
since it takes the half-filled band insulator as reference sysmportant perturbation expansion parameters involving these
tem. Then only deviations from that uniform one-hole-per-triplet cell states ardtTgOgl(ET—ZEng Eo)| and |tT99¥
cell background, such as the presence of a nearby ZR singldtEt—Eg)|, where t799=(T,,0/H.Jg,.0;) and tT99S
give rise to “true” three-cell terms in the effective Hamil- =\ (T,,9,/Hcd9,,S). Plots of these ratios for various pa-
tonian[compare Eq(2.7)] which we argued to be small and rameters are shown in Figs. 1 andBere, as in all figures to
further ignored. Note that omitting the “indirect” term in follow, all quantities are dimensionless, energies being plot-
(3.4) on the formal ground that it is a three-cell term would ted in units oft,4.) We see that over the whole parameter
actually amount to taking the fully electron-doped system asange, which includes both the insulating and metallic re-
reference and must lead to larger three-cell corrections neg@imes in the half-filled band case, these ratios remain quite
half-filling. Similarly, theU, contribution is, using Eq2.8, ~ small, hardly exceeding 0.1. Thus we expect second-order
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FIG. L. [tT9%9/(E;— 2E+Eq)| vs & for U,=0 (solid ling) and FIG. 2. Contour plots oft™9%(E;—Eg)| vs Uy and & for

U,=3 (dot-dashed lineandV,4=0, 1, 2, 3(from top to botton. Vpa=Up=0 (dotted ling, V,4=1, U,=0 (dot-dashed ling and
Note thate is in units oft,q, as all quantities with the dimension of Vpa=1, Up=3 (solid ling).
energy will be in all figures to follow.

twurbation th 0 b bl te. Th triplet energy relative to the singlésince the latter has a
per Llltr a '0’12. eory 1o be reaj."”";‘. Y af;C“f‘Lj’-_ 034!2;8568 mponent in the statgh,b,) which does not make ¥,
results confirm previous investigations fdpy=U,=0, contribution to the energy

and in addition show that over the parameter range of inter- In addition to the ER triplet, there is one further excited

.GStt thg net eﬁ;ﬁt of thet_Coulﬁmb;err_U§ anqvpdtrz]ictually cell state which could influence the convergence of the per-
IS 1o decreasetnese ralios, hereby 1mproving the CONver- y, ., tjqn expansion to an effective single-band model,
gence. As pointed out above, this is due mainly to a reduc-

4 ; ) , . namely, the excited state of a singly occupied cgl,).
tion of the hopping matrix elements, In agreement .W'th thePropagation of this state leads to a transport of energy but
expectation that Coulomb repulsion suppresses kinetic

€Mhot of charge and in this sense it may be regarded as a Fren-

ergy. Note, however, that this_trend m_ust eventually TeVErse | axciton. Compared to the one-hole ground stgig the
since we can m"’?"e the.hopplng matrix elements arbltrarllyexcited stat¢e,) is anintracell kind of d— p charge-transfer
large by suitably increasing the Cou_lomb parametegs_amd excitation, the correspondinigtercell excitation being the
Vpa [compare EqS(3.4) and(3.5)] This would indeed signal g taneous creation of a “free’dlike) electron|0) in the
a breakdown of the cell method. It is fortunate, and rather

- o . upper Hubbard band and a “free’ptlike) Zhang-Rice hole
surprisinga priori, that this breakdown does not occur fpr |S) in the lower Hubbard band. Actually, the Frenkel exciton
any reasonable _values O.f the Coulomb parameters. We IVE & created” when neighboring cells containing a ZR singlet
simple explanation of this below when we discuss the first

order contribution to superexchange 1S) and an electron stat®) are transformed to a one-hole
In Fig. 1 the variation OfITQOg/(ET—IZE +Ey)| with & is ground statgg,) on one cell and a one-hole excited state
: 9

plotted for different values o¥,4 andU, . The curves pass &) on the other by a hole hopplrg)%sgroc_ess. The transfer

through a maximum sincg —p2E +E pdecreases initially matrix element for this process IS =_<e(,,g(,|HCC|O,S> .

as ¢ is increased from ze:QbecaguseEO increases due to and hence the relevant expansion p_aramete_r IS

reducedd-p hybridization, but must evgntually increase for |tf093/(Eg+Ee— =5 EO)—" Contour pI.OtS .Of this quaquty

large & since Ex=z+V. ' The suppression of the ratio with respect toU, and ¢ are shoyv_n_ln Flg_. 3 fpr various

whenV, is incIeased ?sb -due both to the reduction of theUp andVpg. We see tha_t th.e. sensitivity 14, is quite small,

hoppin;dparamete(wvhich always has &/, contribution of but the effect oV is S|gn|f|can_t. Near the top of the _ZSA

opposite sign to that due tg4 andt,) anpd to the increased plot (where Uy and & are relatively large the expansion

triplet energy. The small opposite effect 0f, is caused by

the indirect contribution to the hopping parameter, the direct 15

term being zero for the tripldcompare Eq(3.5]. The ratio

is, of course, unaffected by, since the triplet state has no

component with two holes on copper. 10} |
The contour plots in Fig. 2 are similar, showing again a

rather strong suppression fif 999 (E+— Eg)| with the Cou- >

lomb parameteV,q4, with a somewhat weaker dependence

onU,. The ratio remains small when eithey and/ore are

small, because the ZR singlet can then lower its energy by

hybridization with |d, ;dy ;) and/or |b;b;), making

E;—Eg large. Only whenboth Uy and ¢ are large is the

energy lowering of the ZR singlet small and the ratio be-

comes large.(Note that in the limit Uy,e—, while

Ug>e, the ZR singlet and the ER triplet become degener- FIG. 3. Contour plots oft®®%(E,+ E.—Es—Eg)| vs Uy and

ate) The large effect oV 4 is again due to the suppression & for Vp4=U,=0 (dotted ling, V,q=1, U,=0 (dot-dashed ling

of the hopping matrix element (899 and the increase in andV,4=1, U,=3 (solid line).

my
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parameter can be quite appreciable. The main reason is the
decrease in the energy denominator, since when very
large thed-p hybridization is small, and hencE;—eg,
Ec—ep, andEg—eg+ep, providedUy is also large. The
regime where this occurs is shifted to significantly smaller
values ofe and Uy when V4 is increased. Indeed, for =
Vpq=2 the ratio even diverges in the range covered in Fig. 3.

The reason is that/,4 raises the energy of the Zhang-Rice

singlet but leaves the energy ¢é,) (being a single-hole

statg unaffected. Thus the charge-transfer excitgn-(e),

which for smallV,4 is antiboundwith respect to the inter-

band excitation §g— S0) because of the large energy gain €
from hybridization by the free ZR singlet, becomes degener-

ate with it for sufficiently largev,4 (and finally falls below (dotted lin, V.,=1, U.=0 (dot-dashed ling V.~ 1 8
it). So when the copper-oxygen Coulomb interaction is(solid line 'V pdzz ’U ":0 (dashed ling and Vpdzz’ U
strong, the presence of the charge-transfer exciton Sta%ultidot-déshr::d Iir;)e P pd—
le,) can no longer be ignored if alsdy and & are fairly

large, and formally this invalidates the description of thediscussed further in Sec. Il F. For the “standard” set of
charge-transfer system by an effective single-band modekuprate parameters we find forg a value of 2.5 in units of
However, under these conditiohd. is so large(compare tpa, amounting to~ 3.2 eV.

Fig. 4 thatall charge-transfer excitations are strongly sup- = et us now consider the variousearest-neighboeffec-

pressed; i.e., for hole doping bd) and|e,) become irrel-  tive hopping matrix elements in the single-band Hamiltonian
evant, for electron doping boil$) and|e,) can be ignored, (3.1). These are labeledt""=tS99S tee=(90% gnq

and one can make a further reduction to a charge-spin modeth=t999S  Thjs suggestive notation signifies electron and
(see Sec. IY. Note that for the parameter range actually of hole hoppingelative to cell states containing one hole (spin)
interest for the cuprates the validity of the perturbation exin which |S) represents a holép) represents an electron,
pansion is not an issue. Nevertheless, the charge-transfer €nd|o)=|g,) represents a spin. Thud" is the matrix ele-
citon can give rise to appreciable perturbation correctiongnent for a hopping process in which a Zhang-Rice singlet
which are at least comparable with those due to the Emerychanges places with a spin on a neighboring cell, which is
Reiter triplet. equivalent to a hole hop. Similarkj® represents an electron
hop andt®" represents the creation of an electron-hole pair
from two spins, or vice versd ¢, o) |0,S)).*" In Fig. 5 we
show the variation ot"", t®¢ andt®" with & for various

If we ignore the the “static” interactions between neigh- Uy and for t;,=0 and 0.5. (In these graphs we set
boring cells[i.e., thev interactions in Eq(3.1)] and switch U,=Vy4=0.) The purpose of these plots is to show the
off the hopping between celighet termg, then the energy magnitude and asymmetry of the three hopping matrix ele-
required to take a hole from a singly occupied cell and placenents and their dependence on copper Coulomb repulsion
it on another singly occupied cell with opposite spin isUy and oxygen bandwidth,,. In all cases(except for
Es— 2E4+E=Ug, as shown in Eq(3.1). By analogy with  &>Uy4 when hopping via,4 dominates the effect of finite
the usual single-band Hubbard model, we regard this quarexygen bandwidth is to increase the effective hopping con-
tity as an effective Coulomb repulsion between two holes orsiderably, as recognized in earlier estimates for the
the same cell(We show later that this definition is not ap- cuprates®*'3141hjs is expected sindg, provides a new
propriate when the terms are finite and we must correct channel for hopping between cells. We see further that, in
U.s. This correction is relatively small over the parametergeneral, there can be a significant asymmetry except for
regime of interest though not negligible. See Sec. INIE.  smallU4 [Fig. 5(c)].
Fig. 4 we show contour plots df . of the type considered Although the dependence on the parameters via the matrix
by Zaanen, Sawatzky, and All§ASA),** who used them for elements is quite complicatddee Eq.(3.3)], for finite t,,
characterizing Mott insulators and charge-transfer insulatorghe electron hopping parameté&f is in general smaller than
These show clearly the expected behavior in the chargehe hole hopping parametel" due to the fact that the prob-
transfer regime £<U,), and Mott-Hubbard regime ability for a hole to be on oxygen is greater for a Zhang-Rice
(e>Uy). In the latterU .— U4 and becomes independent of singlet than for the doublet statég(,)) (with the exception
g, Up, and Vg, whereas in the extreme CT regintg, of Ug=). Note that in the parameter region corresponding
becomes irrelevant though both, and V4 increaseU;  to the cuprategFig. 5(b) with e~2] the asymmetry is quite
significantly. For the parameter regime of physical interestjarge with t"">te">t®¢ However, this situation changes
in which the corrections to the effective single-band picturewhen we consider the further Coulomb tertdg andV .
may be accounted for perturbativeld.s spans a broad This is shown in Fig. 6 where we plot" andt®®in the same
range of values £2—15 eV). For the special case of an way but include the effects &, andV 4 (with t,,=0.5 and
“effective” half-filled band (i.e., an average of one hole per for the typical casdJ =7, the behavior being very similar
cell) this includes both metallic and insulating phases. Thédor other values ot ). The effect of these Coulomb terms is
interesting region of the metal-insulator transition will be as expected from the considerations following E§s4) and

FIG. 4. Contour plots olU. vs Uy and & for Vpa=

Il
w w o

P
P
p

C. Effective Hubbard-U and hopping terms
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FIG. 5. Nearest-neighbor hopping for electrqdashed lines for holes(solid lines, and for electron-hole transitiorisultidot-dashed
lines) showing the effect of finite oxygen bandwidtt),,=0.5 for upper curvegmarkedee, hh, andeh) andt,,=0 for lower curve (a)
Ug=2, (b) Ug=7, (c) Ug=2.

(3.5). Hole hopping is little affected, the direct and indirect In Fig. 7 we considernext-nearest-neighbohopping
terms coming fromV 4 (although each about 0.1 in magni- (t’) for both holes and electrons. Here we again see a sig-
tude forV,4=1) nearly canceling each other. Moreover, atnificant asymmetry and, in particular, for the parameters cor-
smalle where thelb;b|) component iS) becomes sizable responding to the cuprates the magnitude of these effective
and the indirecV 4 term wins, the resulting small increase hopping parameters is much smaller for electrons than for
in t"" due toVyq is partially canceled by the contribution holes. As comparison between Figga)7and 7b) immedi-
from U, for which the direct term is always the larger. By ately shows, this large asymmetry is caused by the rather
contrast, electron hopping is enhanced, in particulavgy  different effect oft, ont’"™Mandt’®® This is mainly due to
and especially at smalk where [compare Eq.(3.4] the fact that for next-nearest-neighbor hopping the first-order
n{®=cog¢ and the squared matrix element, which equalscontribution[Eq. (3.3] from t,, opposes that fron,g, be-
ngb)=sin20, become equally large. The interband matrix ele-c2use the relevant coefficientsvp,=+0.1221  and
mentt®" is enhanced as well. This enhancement can be quite

appreciable in the expected parameter range of the cuprates. 0.06
For example, withU,~4 eV andV,4~1.3 eV, t*® is in-

creased from=0.42 eV (whenU,=V4=0) to ~0.50 eV,

and t®" from ~0.51 eV to~0.56 eV, whilet"" remains 5 0.04
virtually unchanged at=0.51 eV. It is clear from Figs. 5 and ki
6 that the almost exact equality 8" andt®®, i.e., thenearly 2
perfect electron-hole symmefigr cuprate parameters, which z
has also been found in cluster calculatiohs? is purely Z 0.02
coincidental The present values, although a little larger, are
in good agreement with that wofk""=t%®= 0.40 eV(Ref.
10); t""= 0.41 eV,t®®= 0.44 eV (Ref. 11; t"'= 0.22 eV, oool 1+ . v v
t€¢= 0.30 eV(Ref. 12)]. 0 2 4 . 6 8 10
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FIG. 6. Nearest-neighbor hopping for electrgdashed lines for FIG. 7. Next-nearest-neighbor hopping f@ t,,=0 and (b)
U,=0 and multidot-dashed lines f&f,=3), for holes(solid lines  t,,=0.5, showing the effect of finite oxygen bandwidth. Electrons:
for U,=0 and dot-dashed lines fd#,=3), and for electron-hole dashed lines fov,q=U,=0, long-dashed lines fo¥,4=1 and
transitions (long-dashed lines forlU,=0 and dotted lines for U,=0. Holes: solid lines folJ,=0 and dot-dashed lingsn (b)
Up=3), for V,q=0 and Vp4=1 as indicated, fortU4=7 and  only] for U,=3. In (b) lower line for V,4=0 and upper line for
tpp=0.5. Vpe=1, for each value ol .
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moo=—0.0235 have opposite sign due to the phasing of theorrections are much smaller, as may be seen from the plots
Wannier orbitals. Since the coefficient fgy, is much larger ~ of the relevant expansion parameters in Figs. 1 and 2.
because it involves a direct hopping procesgg,makes the An interesting consequence is that while the second-order
dominant contribution to next-nearest-neighhote hopping ~ corrections make the hole hopping parametéf® simply

as long ass<Uy (so that the ZR singlet is predominantly more negative, they switch the sign of the electron hopping
b like, with the db-singlet component larger than the paramete[“’eefrom positive to(jusy negative. For example,
|dx,Idx,l> component and consequently’ 22p<0- By con- f?r:h the standa}rede cuprate paramett_ar sgt we find
trast,t,q dominateslectronhopping as long as=1 (so that ;[ier vT/ o_rko 6%6C?lj\/s',[ter$t:,r;19'gloel\; é:\;)trpe%zinf% Ygr;\tlkg;eefar-
the one-hole state is predominandlike, i.e., cog>sind in 10; t'"=_006 eV, e~ _007 eV I(Ref 11).'

|9, =codd, ) +sinélb,), and pd hopping «sind cosy is ; ' ’ : ) ’

; , t'"h=—0.12 eVt'®®= —0.06 eV(Ref. 12] we see that there
ree l

larger thanpp hopping sir?6), andt’g5;>0. Note further s some discrepancy here, in particular for the electron hop-

that for electronsV,y always enhanced hopping and

- ) ping parameter. We believe that the present cell-method val-
therefore supports the tendency 6f° to remain positive.  yes are more accurate, since, as pointed out b&fdfahe

The results shown in Figs. 6 and 7 not only include thec|yster calculations either miss or underestim@teclusters
first-order contributions to the effective hopping parameterscontaining two copper ioft&*?or five copper ions! respec-
i.e., from Egs.(3.3), (3.4), and(3.9), but also second-order tively) the contribution frompd hopping, which always in-
corrections, such as considered in Ref. 14, arising from involves physically a hopping process via a third copper
termediate states that contain an excited cell state. By far th&tom?® They therefore tend to give estimates for the effec-
most important contributions come from the ER triplet, tive next-nearest-neighbor hopping that are too negative, in
which generates for example a correction to h@le., ZR  particular fort’®®, where thet,4 contribution actually domi-
singley hopping via the process|S,9,9)—|g,T,9) nates, as argued above. We stress that the very small value
—|9,9,5); i.e. the ZR singlet on cell 1 exchanges with afor t’¢ much smaller than that far"", is a very robust
spin (lg,,)) on cell 3 via an intermediate state involving an result of our calculations, which is also rather insensitive to
ER triplet on cell 2. Similarly the excited singletS’) and  the precise way in which the second-order corrections are
|S"y contribute via the process|S,9,9)—|d,S',9) handled. The significance of these results for next-nearest-
—1]9,9,S). For the corrections to electron hopping one hasneighbor hopping will be discussed in Sec. V.
to consider processes lik€®,g,9)—|0,T,0)—|g,9,0), etc.
As explained in Ref. 14 these second-order processes actu- D. Spin-dependent terms
ally lead to three-cell terms: their contribution to hopping
from celli to cellj depends on the orientation of the spin on
the intervening cell and may also involve a spin fligin
addition, we require that cell carry a spin, and not a zero-
hole state or a ZR singlet, in which case different process

We now consider the Coulomb and exchange terms in the
effective Hamiltonian, i.e., the terms and theé term in Eq.
(3.1, starting with the spin-dependent terms, which are po-
etsentially important for the low-energy states when the effec-
would contribute, such  as |S,5.g,)—|9u.f5.0,) five single band is close to being half full. Indeed, exactly at

’— Yo o 030 half-filling (i.e., when the number of holes equals the number

~9,.89), where_fl,_is a three-hole ce_II stafeOne t_here- of siteg, there is a ?-fold degenerate set of noninteracting
fore faces here a similar problem as with the hopping termg.|| states with one holéspin) on each cell which are lowest

generated by the Coulomb interactions, namely, what to in;, energy, being separated from excited states by a gap of

clude in the hopping terms proper, and what to consider agyqery_. . Within this degenerate manifold all interactions
true” three-cell terms. In order to have consistency with the, (3 1) are zero or constant, apart from some contributions
choice made above, we again assume a reference paramage |ast two terms if3.1) which depend on spitand thus
netic background ;e all other cells carry a one-hole statespnt the degenerate manifojdThus, whenU  is large we
with equal probability for spin up or spin down. We thus o hect sych spin-dependent interactions to become impor-

include the mean of spin-parallel and spin-antiparallel NON34nt

spin-flip terms in the second-order renormalization of the . .c clear that. in first order they arise only from thg,

hopping para_meters, thus designating their difference as We{érm in the originald-p model, i.e., from the interaction
as the spin-flip terms as true three-cell terms. T

For nearestneighbor hopping t{", t®¢ t&" the ensuing
modification is negligibly small£ 2%), because one of the Hy= UpE (PI,iTpx,iTPI,qu,i1+ p;,mpy,mp;upy,u)-
virtual hops in the second-order process is itselffiest- ' 3.6
orden next-nearest-neighbdor more distanthop. However, '
for next-nearesheighbor hopping the correction can be Furthermore, it is only the matrix elements of this operator
comparable with the first-order contribution. The explanationbetween two cell states in which both cells are singly occu-
for this large effect is, first, that the two virtual hops can nowpied with holes (sping that are spin dependent, i.e.,
be both nearest-neighbor hops, and second, that the firs(tiT,jT|Hp|iT,jT>=0, whereas <iT,jl|Hp|iT,jl>
order results are fairly small themselves due to the cancella= —(i1,j||H,|i|,jT)#0, etc., for any two cells located at
tions discussed above. The fact that first- and second-ordérandj. These matrix elements fall off rapidly with distance,
contributions are of similar size does not imply that the per-as do other Coulomb matrix elements, and in what follows
turbation expansion is poorly convergent, but is merely ave shall restrict ourselves to only nearest-neighbor cell in-
consequence of the fact that first- and second-order contribieractions. Substituting these results into the last term in Eq.
tions arise from physically distinct processes. Higher-orde(3.2) yields directly the sum of all spin-dependent terms,
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0.000
Hé';?n=Jp<Z> (S-§—1XP9X99), (3.7
ij
where J,=—2(1,||H,|T,1)<0, and the sum is restricted -0.010%
to nearest-neighbor pairs. Hence the direct spin-dependent
terms in first order give rise to a Heisenberg interaction with = -0.020

a ferromagnetic exchange. This is, of course, due directly to

the Pauli principle and the oxygen Coulomb repulsion: when

the spins are antiparallel there is always some probability in -0.030
the ground state that an oxygen site will be doubly occupied

and this pushes up the energy by a factor proportional to ) I
U,. Now U, can be quite large£3—6 eV) and we might 0O 2 4 6 8 10

thus expect priori that this would render a cell-perturbation g

expansion poorly convergent or even divergent. This, how-

ever, is not the case as can be seen from an examination of FIG. 8. Second-order contributial, to single-band exchange
the  nearest-neighbor  two-cell matrix  elementJss VS & for Ug=2 (dot-dashed line U,=5 (dashed ling

. i Uy=7 (solid ling), Uy=x (long-dashed ling and V,4=U,=0,
,LIHp|T,1). Expanding this in terms of thd, andb or- a= d o o pdT Ep
gtal”s pf|0Tr lihe E/vo cglls using|a)E|g )=Xcos9| deo) showing also the effect of finite oxygen bandwidth,=0 (upper

4 sin6|b,,) we get curves, t,,=0.5 (lower curves.

_ ; T At curately in second order, is due to double cell occupatésn
(T:1IHpl1,1)=Upsir6(b b, [pip;p[pi[by b)), intermediate stajeof the ER triplet. It arises from the pro-
cessega,o)—|0,To)—|o,0) and|o,0)—|0,To)—|0,0),
wherep refers to the relevant oxygem orbital (i.e., either  \which contribute to ji; and 17?]9, respectively, and
Px Or py) on the oxy_gen_site bridging the two copper sites.|a,o>_,|0,T20>ﬁ|0,0>, which contributes tw%g. [There
The matrix element in this form has a simple physical inter-is {herefore also a separate spin-independent interaction gen-
pretation. The_factor sfi is the proba_lb|llty that both holes_ erated; compare Ed3.2)]. As with the first-order contribu-
occupy ab orbital and the last factor is the further probabil- o, his gives rise to a ferromagnetic Heisenberg interaction
ity that the bridging oxygen is doubly occupiethctually  \yhich is independent ofl 4, but, unlike the first-order con-
this is not quite correct since there will be a small prObab”itytribution, it is also nearly independent bf, (since double
of double occupation of other sites. See beJaMow & hole ¢ pation of oxygen is not allowed in the triplet state, so
in an oxygenb orbital spends approximately li&ctually 5t only the hopping parameter involved %, depends
slightly less of its time on the four oxygen sites surrounding weakly onU,, but the energy denominatd+Eq—2E,
the copper. Hencgb, ,bl|p}rprIpl|bT b )=1/16, resulting  goes not There are alsdantiferromagnetic contributions
In from the other two-hole state@.e., the singlet§S’) and
|S")), which do give rise to & 4 andU, dependence, though
(3.9 MmainlyUy. In Fig. 8 we plot these second-order corrections
(for Vpq=U,=0), showing explicitly its variation witte,
where the last inequality follows since the probability’sin nd demonstrating the dependencelnand the significant
of oxygen occupation in the single-hole cell state is alway£ffect of oxygen bandwidth. The latter we expect because
less than that of copper for the cases of interest. It is theslp MUSt enhance the hopping parameters involved.
“reduction factors” for double occupation of oxygen which _ In Fig. 9 we plot the total exchange for the effective
render the cell perturbation scheme convergent, even whetingle-band model, i.e., including both first-order and
U, is quite large. Starting frorhl, in d-b representation, Eq. second-order contributions, for varioud, and V4 at
(2.8), which accounts for double occupation of oxygen sites

1 1
|3pl = g Upsint <5 Uy,

in addition to the bridging oxygen, gives 0.00[ T ¢ v _'2 1
pa= 4 %
Jp=—24hporUpsir’ 0= —0.117 sin*6,  (3.10 ::;:-:/ 1_ .
rather than(3.9), justifying the above reasoningAlso, co- /,-"' el
efficients ;;; for further neighbors are indeed much 8 _o.05- J i
smalle). From Eq.(3.10 it follows immediately that, for - / |
fixed U,, the magnitude of the first-order contribution is / t =05
strongly dependent oa, since i o
# U,=7.0 |
14 2x2—2x\1+x° 3 1
sintfg= , 3.1 00k 4 oy
4(1+x%) 319 o 2 4 6 8 10

m

wherex=e/(4uodtpg) = /(3.8324t ).

We now consider higher-order corrections to this spin- FIG. 9. Exchange in single-band modékg, vs £, for U,=0
dependentHeisenberyinteraction. As shown in Ref. 14, the (solid line andU,=3 (dot-dashed linefor V,4=0 andV,4=2 as
most important correction, which is accounted for very ac-indicated, forU,=7.
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Ug4=7 (the behavior for othet 4 being similay. This shows separatio superconductivity;>>=%® or non-Fermi-

how U, can induce a large dependencéthrough the first-  liquid behavio?*~®*We shall not consider the possibility of
order contribution for e<4, whereas the dependence at such behavior in this paper but will simply point out the
largere, coming almost entirely from the second-order con-equivalence to an effective single-band model and show the
tributions, is much weaker. Note further thég, suppresses dependence of the effective Coulomb parameters on those of
the ferromagnetic exchange at lagéy enhancing the hop- the underlyingd-p model.

ping parameters connecting to the singlets, but that its effect In Eq. (3.1) the effective Coulomby) parameters repre-

is negligible for smalle, in particular for parameters corre- sent the direct interactiorfrepulsion between electrons,
sponding to the cuprates. Figure 9 further shows that in gerholes, and spins on neighboring cells. In the region of inter-
eral the total exchange parameter in the effective single-bangst, for which the number of sites with electrons and/or holes

r.”|.1,23,50
1

model is given to a very good approximation by is small compared with sites with spins, the physically im-
_ _ portant quantities are thdifferencesin energies when the
Jsg=J1(e,Up) +Ja(e,tpp,Uqg ., Vya), (312 mobile carrierdelectrons and holgsire on neighboring cells

whereJ; is the first order contribution, linear id, as dis- compared with when they are far apart. Consider, for ex-
cussed above, and, is the second-order contribution and 2MP!€, the case of two holes in a background of spins. When
almost independent dfl,. We further see that for the pa- Fhe ho.Ies are far apart they each mtergct with four neighbor-
rameters corresponding to the cuprates, these first- arl§9 SPins through the Coulomb teragf in Eq. (3.1). When

second-order contributions are of a similar order. As with thén€y are on neighboring cells, they each interact with three
next-nearest-neighbor hopping above this merely reflects tha€ighboring spins and with each other througi¥ and there

they arise from physically distinct processes, and does nd§ also an extra spin-spin bond in the system. Hence, the

indicate poor convergence of the perturbation expansion. interaction energy between two holes on neighboring cells
relative to when they are far apart is

E. Effective Coulomb interactions hh Ss ]

In addition toU, the effective “on-cell” Coulomb re-

pulsion discussed above, there are furtiméercell effective This relative interaction energy, and the corresponding ex-

Epressions for two electrons, and an electron and hole, may be
ade explicit in the effective Hamiltonian by eliminating the

effective interactions depend, of course, on all the paramete ; o ; . .
electron-spin and hole-spin interactions through the identity

in the underlyingd-p model but, as we shall see, they de-
pend most crucially on the charge-transfer gape,—&q X994 004 wSS_ 7. 1
and the nearest-neighbor Coulomb repulsigg. This is not ! : oo (3.19
surprising since extensive studies of g model indicate  Using this in Eq(3.1) leads directly to the following expres-
that its behavior can be fundamentally different whension forH; in first order[apart from an unimportant overall
Vpa/e is sufficiently large, possibly leading to phase constant which is dropped; cf. E.1)]:

Her=(Eq—Eo) > XI9+[2(Eq—E)+Ugrl > X3S

+ Tept HN+ (E) [VEEXPOX 0+ VIMXE XSS+ VEN(XPX P S+ XP X9, (3.15
1

where T are the hopping terms and have the same form awhere thev matrix elements were defined in the previous
in (3.1), HP) are the spin-dependent terms given by Eg.section.
(3.7, and In the usual single-band Hubbard model supplemented by
a nearest-neighbor Coulomb interactiig;,Vnn; one has
= v0=9p9=y95=0, p99=V, v59=2V, andv>5=4V, giving

— 0
Eg—Eg—jgo) (vI—vgd), (3.16
vee=Vhh= —veh=y; (3.21
Geﬁzueﬁf (U(S,ngrvgjg—ng?), (3.17 ie., electron—electro_n repulsion, holg—hole re_pulsion, .ar}d
i(+0) electron-hole attraction are all equal in magnitude. This is

not usually true for the interactions between the effective
Vit=vi+off- 201, (3.19 holes|S) and electron$0) we are considering here and it is
hh_ SS, g9 . Sg this asymmetry in the \$6 (and thet’s) which is the main
Vij =vijt o - 2057, (319  difference between the usual single-band model and the ef-
eh oS 0 S fective single-band mo_dels derived from multi-band models.
Vi =vi+ Uigjg_ vijg_ Uijg1 (3.20 We further note that this asymmetry also leads to a renormal-
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ization of the on-cell effective Coulomb repulsiend hence

: 20 200 T ST
the Mott-Hubbard gap as seen directly from Eq3.17), S5l &
whereas this is unaffected by in the ordinary Hubbard 05 S
model as pointed out recently by Meindesal.®®®’ clari- i/
fying some earlier confusion on this isst#° For the “stan- . . Y
dard” cuprate parameters the renormalization is rather small: > 10 > 10 5 /
we find U 4~2.6 (as compared tdJ~2.5) corresponding ' YAV
to ~3.4 eV. 5F 5 /,/ I:,. P //_./ ,,/

We now derive explicit expressions for the dependence of ’ ) //jj"i/:
these effective Coulomb interactions between electrons and 0 O bl P

holes on the underlying Coulomb interactions in tthe 0246810

model, starting withV,4. This gives a contribution in first
order, which is obtained from the-b representation of
Hpa, i.€., the first term in Eq(2.7):

m

HSgv= vpdz "ijin{@n(®. (3.22
! = =
The on-cell term $go;=0.9180) is already included in the
diagonalization of the two-hole cell states and need not be sl ST
considered further. The only relevant intercell interaction A -2 R
term is that for nearest neighbors with coefficient ), ~Up =0 @70, =2.
. . . O Loy | t 1 0 Lo i 1 1
¢011=0.2430, since this is much larger than any other coef- 02 46 810 02 46 810
ficient (¢go=0.0094, etg. With this nearest-neighbor ap- g g
proximation (and dropping therefore cell indices from now
on) we can easily calculate the correspondingnatrix ele- FIG. 10. Contour plots of effective hole-hole interactigfl’ vs
ments appearing i8.1), having first obtained the cell eigen- Uq ande. Solid line is wherev"™"=0, andV"" is attractive above
stateg0),|g,,), and|S) by explicit diagonalization, i.e., this (dashed linesand repulsive belowdot-dashed lingsas indi-
cated. The dotted lines i) are contours folJ ,=V,4=0, increas-
vEE=Vpadora(n\n'Y +n(@n), (323 ing from 0.025 (bottom lefy to 0.100 (top right. (a)

Vyg=1U,=0, (b) V,¢=1U,=1, (©) V,q=2U,=0, (d
wherev, =0, S, org, with n{®=(y|n@| ), etc. Hence the VEZZZUZ:Z- O Vo= 10y © Veu=2Us @
Coulomb matrix elements are determined by thand b
densities of the cell states involved. Note that for tvior
more) hole states, these densities depend themselves also
V4, and the dependence of th&s on V4 is thus nonlinear.

Inserting the expressiofB8.23 into Egs.(3.18, (3.19,
and(3.20, we obtain

rgctive or repulsive depending on the values of the densi-

ties, which in turn are determined by the hybridization of the
statedS) and|g,). [This should again be contrasted with the
ordinary Hubbard model where the hole-hole interaction is

%)3.2])]. However, the hole-hole interaction can be either

Vvee—oy N _ n(dynb) _ (b) always repulsive, Eq3.21).] We illustrate this in Figs. 1@)
pd~2VpadouMo™ = Ng )(Mo™~Ng") (Voa=1) and 10c) (Vpq=2), which are contour plots of
=2Vpadorny'ng (3.24  V"in the ZSA (Uq4,¢) diagram.[These plots also contain

second-order correctior{see below.] They show the cross-
Vgg: 2Vpd¢011(n(sd>_ ngd))(n(sb)— n(gb)), (3.25  overfrom repulsive to at_tractive_ interaction as we move from
the bottom right of the diagran{ge., Mott-Hubbard regime
and to the top left(i.e., charge-transfer regimewith the attrac-
tive region increasing with 4.
h_ (d) _ q(d)ynb) _ (b) - . p .
Vid=Vpadorl (N’ —ng”) (g —ng”) +(d«>b)] This behavior can be understood as follows. As is well
_ (@ _ @y 4 (0 By () known, in the charge-transfer regime the holes present in the
Veatoul (Ns™—Ng )N+ (Ns™—NgHng 1, undoped system are predominartdlyike, but in going from
(326 the one-hole state to the ZR singlet the increasg density
showing that, as one would expect, the effective Coulombis larger than the increase thdensity because of the copper
interaction between doped particles is precisely the interacSoulomb repulsion(“the second hole is more oxygen like
tion between theddedcharges. Since the copper vs oxygenthan the first); i.e., the ZR singlet is more hybridized than

character of an added hdliee.,n — ng’) vsn® — n(gb)) will
usually be different from that of an added electr@e., a
removed hole,n{’ vs n{), in generalV}j, V&5, and

—VSE will not be equal. In particular, becausgy;;>0, it

the one-hole state. It is actually possible th§t<n{®; i.e.
when a hole is added, the density increases by more than
one hole while thed densitydecreasesThis can occur be-
cause the intracell interaction generated\ljy; suppresses

follows from these equations that the electron-electron interthe amplitude of thepd singlet in the ZR singlet, i.e., forces
action is always repulsive and the electron-hole interaction ishe charge to go on oxygen, wheft 4 is small enougttand
generally attractive, as with the ordinary Hubbard modelUq sufficiently larger tharz). Under these conditions, i.e., in

containing a nearest-neighbor Coulomb repulsiofsee Eq.

the extreme CT regime close to tkigp-metal region in the
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ZSA phase diagram, it is favorable for two ZR singlets to \/Sezol (3.29
share thisd—p CT polarization. Since they are both very
oxygen like, thepd repulsion between them is then very
weak, much weaker than the repulsion experienced by a ZR
singlet from a background state.

In this context it should be pointed out that the CT re- VE'= = 3U phoorn®'ny (3.31

gime, usually understodéias U4>¢, can be subdivided in , o
two rather distinct subregions, separated by the linel he nonsymmetric form of these expressions is the result of

Ug=2e+U, in the ZSA diagram. At this line ©OUr including part of the spin-independent interaction, viz.,
' 1 b)y2 ;

nd=n{ =1, as follows immediately from the Hamiltonian Z Upoo1 (), with the exchangpcompare Eqs(3.7) ar;g
matrix determiningS) [see Appendix B of II, Eq(B2)], so (3.10]. The full spin-independent interaction haﬁéf
that n’—n{¥=1-n{"=n{®» and n®)—n{=n{", and “(fﬁéb))_zy VB_“M(n(sb)—ngb))z, and Vgh“(n(sb).— n{)n{,
thus theV,4 generated effective Coulomb interactions showWhich is again interpretable as the interaction between the
electron-hole symmetry,\/gz= e¢ (although VSSZ_VSQ added chqrges. Slncep0011>0, we fmd_that the effect_|ve
—Vpd¢011c05220 ;&_ng)' Below the dividing line the ZR Coulomb mteractlon between neighboring cells du&Jtpis '
singlets are still predominantly like, although less so than always attractlye between electrons and holes and repul_swe
the one-hole states, while above it the oxygehole content _betvveen R _smglets throughout the Charg_e-t_ransfer regime
of the ZR singlets is larger than the copmkhole content. in the ZSA diagram. As argue((jb)abovg),) this |s_because the
Simple algebra then shows thefi>V5 below that line, pres?nce olq guatt)rantebes thatg™>2ng " Phr)]/glcally the |

. .\ hh_\ jee . . . repulsion comes about because nearest-neighbor ZR singlets,
gmle above It.g/lpdb pd- It 1S onlyo||n. the latter re(ﬂlonhthath in optimizing hybridization and avoiding the copper Cou-
po?nted out that eve)r: fdd,=0 ag shi)wn in Figé 16) and “atom bridgti)ng the two copptlar sites. ﬁctuallyp ?fuppreTsef]

[ P : attraction between ZR singlets much more effectively than

10(c), the region ofattraction only occurs for relatively large g y

) would be expected from E¢3.30 alone. The oxygen Cou-
values of | (and even largetly whenU,#0; see below lomb repulsion not only generates the intercell interaction

Also, to obtain an fflt'graction of a given strength re_quires(3_3@ but also modifies the wave function of the two-hole
much Iarger\(lpdhatégnEe Uq th?n ?‘tUd:wa Tk:eoregcal state|S) through theintracell term. This rapidly reduces the
trea‘;\mgn?s whic SI dgooh(apphlganons dOI the Se%\{zeg o(sjon oxygen hole content of the ZR singlet, thus counteracting the
method, for example, both to tfep mode p§°p an effect of V4. The effect ofU, is demonstrated in Figs.

to the multi-bandt-J models derived from £:’3, therefore 10(b) and 1ad), where the region of attractivé" is seen to
tend to overestimate .the tendency tow_ards phase separatigil gitteq to considerably higher valuesldf compared to

or superconductlylty induced by effective hole-hole attrac-Up:O_ However, this suppression of an effective hole-hole
tion. I_n th_e opposne(l\/_lott-Hubbard case wheré)y<e 'ghe ... attraction is overestimated somewhat in the present treat-
situation is more straightforward since the charge will shn‘tment because the ZR singlets are not allowed to relax, i.e

- hh . .
to thed orbital andV™ is always repulsive. to modify their wave function, when brought next to one
We now consider the first-order contribution made byanother

Up, Wh.iCh may k.)e analyzed .by the Same _reasqning. The Of course there are also second-order contributigms
appropriate effective Coulomb interaction is given in the f'rSthuded in Fig. 10, arising in perturbation theory. These may

Vgh: Up‘/10011(%n$s,b)_néb))n(5b)’ (330

sum of Eq.(2.8), i.e., be interpreted, in view of Eq$3.18, (3.19, and(3.20, as
the difference in self-energy between an added par(sadg,
HSOU':UpiEj’(/,”” nf%’)n}ﬁ’). (3.27) a hole, i.e., a ZR singlgiplaced next to another particle or

surrounded only by spiné.e., one-hole cells and arising

. . .y . 6
Again, the large on-cell termyooue=0.2109) is already ab- TOM the different virtual transitions that are availabté’

sorbed in the single-cell Hamiltonian, which is diagonalized-IE-hese |nte(;a<|:'§|ons, \.Nr:“\(;h irLeJ alrgady ger|1erated n tlh.e pure
explicitly. As explained in the section on spin-dependen mery mo elii.e., With Vpg=Up= .) are always repuisive
terms, the nearest-neighbor two-cell interactionsith see Fig. 1(), dotted line§, essentially because the number

Woo1=0.0590) are by far the largest since these arise fron?f virtual states available is larger when the particle is next to

two holes on the bridging oxygen sit@{,,,=0.0044, etq. one-hole cell. For example, for a ZR singlet,

Retaining only these, the effective Coulomb matrix may beSg—>g0,e_0;g_T,gS’,gS’,eS_eT,eS’,eS’, as compared with

calculated as with th¥ 4 interactions and we get SS—>gg,ge,eg,e.e (where g and e denote .the threg-hole
ground and excited stgteMoreoverSg—gT is a relatively

V= U hoor(NPPNPD 4 n(PLR(BY, (3.29 low-energy (.axci'tation, t.hus making a s_ignificgnt contri_bution
P P oo oo to the effective interaction between neighboring ZR singlets.

For u=g,, v=0;5, this Coulombic term, when combined Since these second-order contributions can be appreciable,
with the spin-dependent terms , [see Eq.(2.8)], gives  the choice made for the “background” is important here. If a
rise to the exchange contribution discussed earlier, and thusero-hole background is assumed, i.e., if the “indirect” terms
makes no contribution to the spin-independent interactiontn Egs.(3.4) and (3.5 are omitted, the second-order repul-
we are now considering. The terms originating from othersive contribution is considerably weaker because the effec-
combinations ofu and v, when inserted into Eqg3.18, tive hopping parameters are reduced, leading to a much
(3.19, (3.20, yield larger attractive regime in the ZSA diagram.
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electron—electron interaction

FIG. 11. Contour plot of effective electron-hole interactig?
vs Ug ande for Vp4=1. Solid lines are fotJ ,=0 and dot-dashed
lines forU,=3. (U,=V,4=0 is shown as a dotted line. Heisenberg interaction contributes for any two adjacent spins

an energy lying between zero andlgg (>0) and this en-

As regards the cuprates, Fig. 10 shows thattfgr=0, in  ergy only vanishes when the spins are ferromagnetically
spite of the repulsive second-order terms, a net attractiveligned (a situation which does not arise for the cases of
interaction between ZR singlets can still be induced by anteres}. Hence, the system may lower ifstatio energy by
Vg Of order 1-2 eMas estimated for the cupratés*™’Jin ~ minimizing the number of pairs of sites which are occupied
the extreme CT regime close to thg-metal region in the with spins. For a given number of holes, this occurs when the
ZSA diagram. One must further bear in mind thgy in-  holes do not occupy adjacent sites. Thus this ferromagnetic
creased) .+ (see Fig. 4 and thus the charge-transfer gap, sointeraction between spins is equivalent to a repulsive inter-
that in order to describe a system with a particular gap valueaction between holes. Indeed, this is just the ottsgin-
one has to decrease when increasingV,q, thus coming dependentpart of the effective cell-cell interaction due to
closer to(or within) the attractive regime in Fig. 10. How- U, further suppressing any attractidas doesvgh). (See
ever, attraction occurs only at fairly large valueslpf, and  also Sec. IV B for a further discussion of effective hole-hole
although the first-order interaction generated by ¥ is interactions.
clearly attractive in the region where the cuprates are esti- In Fig. 11 we show the effective electron-hole interaction
mated to be locatefU 4/tpg~7, e/t,¢=2 whenV,4=0), it  Ve" including the second-order contributions. The calcula-
is obvious from Figs. 1@ and 1@c) that a net attraction is tions show that it is strongly dominated by the first-order
already doubtful when the second-order corrections are in\/pd contribution, the contributions from second order and
cluded. Moreover, Figs. 1b) and 1Qd) show that the attrac- from U, being relatively smal(as can be seen in the figiire
tion is rapidly suppressed by the oxygen Coulomb interacit is also clear that strong excitonic effects should be ex-
tion, and for realisticU,, (3—6 eV, taking screening into pected as soon ag,q were large enough to generate any
account’~*) the interaction is likely to beepulsiveeven  sizable hole-hole attraction in the extreme charge-transfer re-
without the second-order contributions, and certainly sagime (compare Fig. 1D Finally, Fig. 12 shows the electron-
when they are included. For example, for the “standard”electron interaction/®® which, as already mentioned, is al-
cuprate parameter set we fill"= +0.17 eV. In this respect ways repulsive. The repulsion is independentlyf, and
it is noteworthy that investigations into the effect ¥f,y  almost independent db, which affects only the effective
have sometimes been done 1dp,=0,**°%(and occasion- hopping parameters entering the second-order contributions.
ally also withU4=02 where the condition for attractive in- Comparison with Fig. 10 reveals the considerable difference
teraction is considerably less stringent than for realistidrom the hole-hole interaction, except in the extreme Mott-
Ug). Phase separation or superconducting correlations foundubbard regime £>U ) where of course all Coulomb in-
in such studies, if induced by effective hole-hole attractionteractions related to oxygen occupation tend to zero. In par-
may then not survive for a more realistic choice of param-ticular the magnitude o¥/®® is seen to be quite large in the
eters, or only in a more restricted range of doping. For excharge-transfer regime precisely where the hole-hole interac-
ample, stabilization of the system against phase separatigion is weak.
by U, has been found explicitly in the high doping We thus see that there is a strong asymmetry between
regime?3 7071 doped holes and doped electrons as far as the residual inter-

However, we should also point out that a negati’¥  actions are concerned, in particular in the extreme CT
doesnot necessarily imply that the holes will be attracted toregime. This is to be contrasted with the behavior of
each other; nor does a positiv@" imply that they will not.  the hopping (Sec. 110 and the single-particle spectral
For one thing these are only static interactions which, ofproperties’>’*3where precisely in that regime electron-hole
course, have to compete with the kinetic enefggpping  symmetry is almost completely restored by the hybridization.
terms in determining the phase behavior of the system. Iiwe emphasize that the presence of tresammetric effective
addition to this, the ferromagnetic Heisenberg interactionCoulomb interactionsepresents a significant qualitative dif-
arising from theU , interaction in first order and the Emery ference between an effective single-band model derived from
triplet in second order, will lead to an effective repulsionthe three-bandi-p charge-transfer model and the ordinary
between holes. This i$compare Eq.(3.2)] because the Hubbard model.

FIG. 12. Effective electron-electron repulsivii® vs .
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F. Insulator-metal transition 15

In Sec. lll B we showed that the reduction of tdep
model to an effective single-band model by perturbation

theory is valid over a wide range of parameters and that the 1071
effective single-band parameters are given to reasonable ac- >
curacy in second order. For the special case of one hole per

cell (on averaggit is clear that this parameter range for 5

which the mapping is valid includes metallic as well as in-
sulating regimes. In fact, for the regime which is expected to

be metallic(small U4 and/or smalle) the expansion param- 0

eters are actually smaller and truncation at second order is 0 2 4 6 810

more accurate. The case of the charge-transfer metal is par- €

ticularly interesting. If we go back to thétp model, then we FIG. 13. Contour plots oft"U, vs U, and & for

expect to get metallic behavior when—e4 becomes com- Up=V,4=0 (dotted line3, Vy4=1, U,=0 (dot-dashed lings and
parable witht,4 or smaller and charge will “transfer” from Vpa=1, U,=3 (solid lines.

Cu to O where it becomes mobile. How can this simple

picture be reconciled with an effective single-band model? lof 8t/U will actually be somewhat larger than 1. If we apply
might be expected that the two descriptions are incompatibla similar argument to the effective single-band model de-
since, if the mobile holes on oxygen were to execute theirived above[see Eq.(3.19], then the appropriate ratio is
normal band motion, then we would expect cell states with4 (t8¢+t"")/U 4=8t"/U and we expect an IM transition
three or more holes to become important, whereas the effegvhen this ratio is of order unity. In Fig. 13 we present con-
tive single-band model only allows unoccupied, singly occu-tour (ZSA) plots of this ratio versus)4 and ¢ for various
pied, or doubly occupiedin Zhang-Rice singlejscell states. U, andVq4 with t,,=0.5. This shows clearly the crossover
The reason that the effective single-band description remainsom Mott-Hubbard behavioflarges) to CT behavior(large
valid down toe,—&4~0 is due to the strong effect of Cu-O U,) with the parameters corresponding to the cuprates being
hybridization ¢,q) which pushes down the energy of single- in the CT regime, but not significantly so. Furthermore, the
hole and two-holdZR) cell states, leaving cell states with cuprates correspond ta®/U~1, i.e., quite close to the
three or more holes sufficiently high in energy to be ac-expected IM transition regime. Note that the Coulomb inter-
counted for as small perturbative corrections. The physics iactionsup and V4 shift the contours to the left in the CT
that the system can already gain energy significantly by hyregion because they significantly incredsg: (see Fig. 4,
bridizing only locally, rather than promoting holes to band but have little effect in the Mott-Hubbard region. This agrees
states, thus avoiding the higher price of Coulomb energy thagith the general expectation that these Coulomb interactions
would result from a large amplitude for double Cand O  inhibit kinetic energy but are only effective when the prob-
occupancy. There are, of course, regimes where this woulghility of oxygen occupation is high. A more detailed study
break down and a more appropriate description would be agf the effect ofV,q and U, within the Hubbard | approxi-
oxygen band perturbed by the Cu spins. An example woulgnation has recently been made by Simat al 2%

be tpq<t,,, which is appropriate for heavy fermion and

mixed valence compoundsith p—d andd—f) for which }y FURTHER REDUCTION TO A CHARGE-SPIN MODEL

an effective single-band model would certaimigt be valid.

The description would also eventually break down for A. t-J-V model

Ep— &g SUfﬁCientIy negative since the hybridization effects In much the same way as the Ordinary Hubbard model
of t,q would become smaller and again a weakly perturbednay be reduced to thed model® for U/t>1, the effective
oxygen band of mobile holes would become more approprisingle-band model derived from tlep model in the previ-
ate. However, for the range of parameters considered in thigys section may be reduced to a charge-spin model provided
paper, witht,,/t;4=0.5 ande,—£4=0, the equivalence of y . is sufficiently large. Applying second-order degenerate

the d-p model to an effective single-band model remainsperturbation theory td3.15 leads directly to what we will
valid andincludes both insulating and metallic regim@his  ¢aJ| thet-J-V model,

thus spans the insulator-meté\) transition.

The precise region where the IM transition occurs is not
known even for the ordinary Hubbard model it i Huv=P{ 2 —tjlcl,ciptHcl

y Hubbard model, though it is tJ i jLbio%jo

expected to occur for a critical ratio oft® of around
unity.” This may be justified by the simplébut approxi- )
mate argument that it requires an energyy to create an +2, [I(S-§—anin)+Vnin ] P, (4.1)
electron-hole pair in the atomic limit. The electron and hole <”>
can each further lower their energies by half the bandwidttwhere the summation&j) are over pairs of sitegcells),
[i.e., 4t in a two-dimensiona(2D) systenj giving a net cre-  which we will restrict to nearest- and next-nearest neighbors
ation energy olU —8t, which vanishes at the IM transition. for the hopping terms and nearest-neighbor only for the
Since correlations between the mobile particles and the spitstatic” terms. This form isexactlythat which would result
background are known to reduce the effective bandwidthfrom a single-band Hubbard model with a nearest-neighbor
one underestimates the gap in this way and the critical valu€oulomb interactionV, except that we have omitted, for
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clarity, the three-site terms, which occur in all casdese o[ T
will be discussed briefly beloy.Actually, such at-J-V L =05 (o)
model has recently been investigaféd® considered as a o8 = .

natural generalization of thieJ model.

The precise meaning of the symbols in E4.1) in the
context of the generalized single-band mogEd. (3.15] S
and the quantitative differences betweghl) and thet-J
model resulting from the ordinary single-band Hubbard
model require further explanation. First, theoperators in
(4.1 may be regarded as ordinary Fermi operators provided
P forbids double occupancy, the usual convention fortthe
J model. For hole-doped materials, zero-hole states must be
precluded, and since these are equivalent to two-electron
states, we must choose the electron picture to adopt the usual o — T T T T
convention. Thug,=e,(=h’) andP=P® precludes two- L t,=05
electron states.[Formally, P®=II;(1-n;;n;|).] Con- 0’8?'-. |
versely, for electron-doped materials, two-hole states must be
precluded and we thus retain the hole picture weithh and
P=PM. The correctness d#.1) is then proved formally by
first obtainingH,;y in its X operator form[directly from
(3.195 using second-order perturbation theprgnd then
invoking the identities X**X7S= (h{,h;,)h{h;z(h!,h;,)
=P e/ PO (hole doped X7OXP
=(1-h{hi)hlh(1-hl-hi ) =PM™hlh PM™ (electron
doped, XP9X$9=PC Inin;PC ) (holes or electrons XP°
=h{ihi;hiihi =(1—ef &) (1-ef e, ) =P (1—n;) P
(hole dopedt and X°=(1—hh;))(1—hfh;)=PM
X (1—n;)PM (electron doped The relationP! " )(1—n;)
X(1=n))PC )—PCInin, PO, which is simply a shift of
the single-particle energy or the chemical potential, has also
been used.

Consequently, the hopping matrix elements(4nl) are
those for “holes” in the case of hole-doped materifle.,
tij=t{"=t599% Eq.(3.1)] and those for “electrons” for the
case of electron-doped materigile., t;j= —tf°= —t3°%). In
the ordinary Hubbard model no distinction is made between
holes and electrons since this are the same for both, as
explained in Sec. Il A. SimilarlyV=V"" for hole-doped
materials and/=V*®¢ for electron-doped materialsee Egs. FIG. 14. Total superexchange itrJ model for tp,=0.5;
(3.19 and(3.18]. Since there can be a significant asymme-V,q=U,=0 (dotted ling, V,4=0, U,=3 (dashed ling Vp4=1,
try in theset andV parameters, we can expect at least quanU,=0 (dot-dashed ling V=1, U,=3 (solid line): (a) Ug==,
titative differences between electron- and hole-doped mateb) Ug=7, and(c) Ug=2.
rials and, possibly even significant qualitative differences.

0 2 4 6 8 10

0.6} .

(We come back to this point belowI'he superexchange is - __
given by Hilree st p ”EI ; (K elnioCio+ Ki~clnizeio
-t
A(teh)? +Kpi ci;cfgqgcjg]} P. 4.3
J==—""—+0Jgs, 4.2
UggtVen 8

Although the three-site terms are often neglected in studies
of thet-J model, they are not necessarily unimportant if one
i.e., by the usual second-order expression to which we mustants to consider thé-J model as the strong-coupling
add the ferromagnetic contribution from the effective single-(U/t>1) limit of the ordinary Hubbard model. For example,
band model, which arose frotd, in first order and the ER their inclusion could make a significant difference in the for-
triplet in second ordefsee Eq(3.12)]. mation of magnetic polaroriS. Recently, it has also been
As already mentioned, the reduction of the single-bandshown that they are essential in describing the spectral
model(3.15 to a charge-spin model generates in addition toweights in the optical spectf45! One expects similar argu-
(4.1) also three-site hopping terms, ments to apply for the presettJ-V model as the strong-
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coupling (Ueﬁ/teh> 1) limit of the d-p model. We defer a added particles due to superexchange. This effective interac-
study of the terms4.3) to future work, and restrict ourselves tion has received some attention recently because of its ten-

here to the remark that the familiar relations between threedency to promote phase separaffori’ and possibly
site  hopping and superexchafe (K;i*=0 and superconductiviti® = This tendency is due to the fact that

i there is one extra magnetic bond when two carriers are on

Kiij = —K,Tj’z —J/4 whenl is neighbor to both andj) . : .

are only obtained when one starts from the ordinary Hubbarnaghbonng cells compargd with wh_en they are furth_er_sepa—
. : ated, leading to an effective attraction. However, this is op-

model, but do not hold for the charge-spin model derive

osed by the kinetic energy terms which tend to favor un-

from thed-p model. _ ~ bound carriers and, while there is little doubt that phase

In Fig. 14 we plot the total superexchangeev$or vari-  separation does occur whéft is sufficiently large, whether
ous Vg, Uy, andUgy. We see the general expected trendgr not this is possible for parameters appropriate to the cu-
that increasing any of the Coulomb terms redutey either  prates remains an open question. One measure of the ten-
suppressing the probability of double occupation on a cell ogency to phase separation or pairing is the mean “static”
by reducing the effective hoppini§", or both. Conversely, energy between carriers when they are on neighboring cells
reducinge increases for exactly the opposite reasons. Over compared with when they are far apart. For the puik
quite a broad range of parameters all Coulomb interactionmodel this is justAE;=J({(S;-S,)—3) where the angular
make significant contributions. It should also be noted thatbrackets denote the expectation value with respect to some
in the region of the cuprates, the ferromagnetic contributiormagnetic background. Since AE,;<0, with the upper
coming from the effective single-band part of the Hamil- bound corresponding to a ferromagnetic background, this
tonian, Jgg, is quite appreciable, being 20% that due to static interaction is generally attractive in tttd model with
the antiferromagnetic second-order term. Therefbie ap- AE,;=—3J for a paramagnetic(PM) background and
preciably smaller than would be obtained from an ordinaryAE,;=—3J for an antiferromagnetic(AFM) Neel-state
Hubbard model with parametets=t®" and U=U.. This  background. For very low dopin@r for true phase separa-
explains why Hybertseat al,* when fitting their numerical tion) we might expect the background to be close to the
results for eigenvalues in finite clusters to a Hubbard modeground state of a pure 2D Heisenberg antiferromagnet which,
and comparing with cuprate data, had to incredsabove using the ground-state energy from quantum Monte Carlo
the value estimated from the gap in order to get a reasonabfimulations’” gives AE,;= —0.585). Thus, based on the
fit to the magnetic splittings. For the “standard” cuprate pa-above criterion, the pure-J model favors phase separation
rameters we find)=0.22 eV, in reasonable agreement with and, furthermore, there is no distinction between electron-
earlier estimate$;?though somewnhat larger, and also largerand hole-doped systems. If we apply this same criterion to
than the accepted experimental valuelef0.13 e\?283The  the effective charge-spin model derived from the model,
difference could be due to the direct Cu-Cu exchange, aEd. (4.1, we see that the situation can be quite different due
pointed out early on by Stechel and Jennigm,might in- to the “spin-independent” effective Coulomb interaction
dicate that the “standard” set should be slightly modified.term  =.;,Vmn;. Now the relevant quantity is
For example, it is well known thal is very sensitive to AEv=J((S;-S,)— ) +V, whereV is eitherV"" or Ve,
U, (Refs. 10,27 [compare also Eq3.10], and a somewhat ~ For electron-doped systemé is always repulsive and
different combination ofe, U,, and V4 could bring the therefore the value and in particular the sign\d,; simply
calculated] closer to the experimental value, without appre-depend on whether this effective Coulomb repulsion is suf-
ciably changingJ.¢ and thus the gap. ficiently large to cancel the attraction between electrons due

We now consider the validity and accuracy of this secondto the superexchange. The resulting variationA &, with
order expansion to a charge-spin model. We see from EdJq and & is shown for a typical case witW,4=1 and
(4.2 that an appropriate expansion parameter isJ,=0 in Fig. 15, both for a PM and an AFM background.
4187 (U g+ Ve = 4te"U 4. This parameter was discussed We see thaEy,y is negative for eithet) 4 or & small, where
in the previous section and contour plots are given for it inthe superexchange is largeompare Fig. 14 but this attrac-
Fig. 13. We expect reasonably accurate second-order resufige regime is steadily reduced with increasivigy because
when this ratio is less than unity. For the cuprates it takes &f the continuous increase & (compare Fig. 1R In the
value of order 1/2 which is within the convergence radius,repulsive regime the net repulsion is weak because Both
giving a second-order contribution tbwhich is in error by ~andV are small. We further note that the type of magnetic
~6% (as can be estimated by comparing the exact two-celpackground has a large effect, essentially because it affects

result with the second-order result, as discussed in Ref. 140nly the attractive contribution, so that in a PM background
a much largerd and therefore a considerably smalleris

required in order to have the same net interaction as in an
Finally let us return to the question of differences betweerAFM background.

hole-doped and electron-doped systems when both are de- On the other hand, for hole-doped systevhsan be posi-

scribed by Eq(4.1), and the differences are reflected in thetive or negative, so thaAE,;, can now be negative either

parameters for hoppingt€t"" or t=—t®® and nearest- because the attractive superexchange is larger than a repul-

neighbor effective Coulomb interactionsV£V" or  sive effective Coulomb interaction as in the electron-doped

V=V*9. One distinct advantage of expressing the hole-holease, or becaus¥ is itself attractive and adds td. As a

or electron-electron interaction in the context of an effectiveconsequencaE, ;, depends sensitively on all underlying pa-

single-band model is that it is straightforward to make arameters. This is illustrated in Fig. 16, where we see that in

quantitative comparison with effective attraction betweenthe charge-transfer regim&)(>¢) attraction persists up to

B. Asymmetry: Hole doping versus electron doping
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FIG. 15. Contour plots of the static electron-electron interaction G- 16. Contour plots of the static hole-hole interaction
AESE, for (a) a paramagnetic background§e— 2J), (b) an antifer-  AEuvfor @ a paramagnetic backgroun'("~ 33), (b) an antifer-
romagnetic backgroundve®—0.58J), for Vjq=1, U,=0. romagnetic background{'"—0.585)), for Vpa=1,U,=0.

from attractive to repulsivaeipon a change in the magnetic

considerably larger values ef than in the electron-doped order of the background from AFM to PM, which is expected
case. This is exactly as we would expect, since it is in thato occurwith increasing dopingsuggesting that a transition
regime thalv"" becomes small or even attractive, as we havemight occur from a phase-separated or superconductive state
seen in Sec. lll E. This difference between doped holes andt low doping to a metallic state at higher doping. Figures
doped electrons in the charge-transfer regime becomes eva®(b) and 17b) show that it is even possible that such a
more pronounced at largét,q, where electrons become in- situation is realized for holes but not for electrons, for which
creasingly more repulsive and holes increasingly more atthe static interaction would be repulsive for any magnetic
tractive. Note further that when in the repulsive regime thebackground, suggesting that such a system might support
repulsion between holes is much stronger than between elesuperconductivity for doped holes but not for doped elec-
trons. The effect of changing the background is seen to b&ons. Furthermore, this “critical” region witA E, ;,~0, al-
smaller in the hole-doped case, in particular in the chargethough rather narrow for holes, can tsery close to the d-
transfer regime, since such a change does not affect an gt- parameter set estimated for the cuprates
tractive contribution fronVV when present. The variation ofAE;, with V4 in this boundary region

The rather different effect of the magnetic background carns also of interest since there is a subtle cancellation of ten-
be seen more clearly in Figs. 17 and 18, where we show, fodencies to attraction and repulsion which depends strongly
electrons and holes, respectively, the contours wherene. From Fig. 10 we see that,q tends to favor attraction
AE,;,=0 for PM and AFM backgrounds, for two character- (or reduce repulsignin agreement with our earlier discus-
istic values ofV,4 and various values dfi,. ThusAE;yis  sions on polarization due w— p charge transfer. However,
negative (positive) to the left (right) of these curves. The V4 also reduces superexchange as shown in Fig. 14 and this
shift of these boundaries upon going from AFM to PM is reduces the effective hole-hole attraction. The result is that as
significantly smaller for holes, especially wheig> ¢ and at V4 increases from zero, the quantiyE, 5, always increases
the larger value fol 4. These figures also demonstrate theat first; i.e. a more repulsivéless attractiveinteraction re-
large difference in the influence df,. For electrons an sults, due to the reduction id. In the case of dopedlec-
increase inUJ, has little effect, because this only reducks tronsthis increase oA E,;y, simply continues, because of the
slightly. By contrast, in the case of holés, makes a large simultaneous reduction of and enhancement &f. How-
repulsive contribution t& as we have seen in Sec. lll E, and ever, in the case of dopeloles for ¢ sufficiently small
thus the contours are shifted to significantly smadlevhere  (<2), increasingv 4 will reverse this trend when the attrac-
the extra repulsion is compensated by a larger valug of  tion due toV"" (the charge-polarization effacmore than

Note that for givenV,q and U, there is, between the compensates the decreaselinAgain, for the expected pa-
contours, a band where the static interaction wathdnge rameters of the cupratedE,; passes through a maximum
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FIG. 17. Boundaries where the static electron-electron interac- FIG. 18. Boundaries where the static hole-hole interaction
tion AESS, is zero with a paramagnetic background®t—3J=0,  AEM, is zero with a paramagnetic background'{—3J=0, left-
left-hand curvg and with an antiferromagnetic background hand curvgé and with an antiferromagnetic background
(Ve¢-0.588=0, right-hand curve (8 Vpe=1; Up,=0 (long- (VM'—0.585)=0, right-hand curve parameter values and curves
dashed lings U= 1.5 (multidot-dashed lingsU ;=3 (solid lines, as in Fig. 17.

Up,=4.5 (dashed lines (b) V,4=2; U,=0 (long-dashed lings _ _
U,=2 (solid lines, U,=4 (dashed lines consequences. The method and resul'gs also provide a unify-
ing theme to a number of apparently disparate approaches to
aroundV,q=2; i.e., below this valueV,q is expected to r_n_odeling copper—o_xide planes and associated physics. It jus-
contribute to repulsion between holes, only reenforcing atfifies the usual single-band Hubbard model and the
traction forV,4>2. This maximum shifts to lowe¥ 4 with model, conjectured by Andersdras the generic model for
increasingUy, but it is only at considerably larger values of hese systems. It also enables corrections and asymmetry in
Uq thatV,4 makes an attractive contribution whenever non-&ffective parameters to be justified and computed explicitly.
zero. This makes a scenario for superconductive p&iringMany of these, such as nearest-neighbor Coulomb

. 3 . . 98
based upon the charge-transfer excitations associated Wi{ﬂteracnon%_ and occupation-dependent hopping teffhs)]
Vg Within the two-band model unlikely for the cuprates and, "aVe been incorporated in the Hubbard model in a somewhat

as mentioned in Sec. Il E, shows that settidg== can ad hocway. Another potentially important effect which has
give qualitatively incorrect r'esults. only been investigated directly in terms of tHep model is

d-p charge polarization, due to copper-oxygen repulsion.
This has the potential to give rise to non-Fermi-liquid behav-
V. SUMMARY AND CONCLUSIONS ior in the normal stafé=°° and a possible mechanism for
superconducting pairing?:2*1-%n the present approach,
The purpose of this paper has been to demonstrate thatthese effects are completely accounted for in the hopping and
multi-orbital d-p model of copper-oxide planes may be re- (particularly) Coulomb terms in the effective single-band
duced to an effective single-band model over a wide range afhodel.
parameters and to show explicitly the dependency of effec- The main results of this work may be summarized as fol-
tive parameters on those of the underlyithgp model. The lows.
parameter range has been deliberately extended beyond that(1) For a wide range of parameters a multi-orbitap
expected for the cuprates in order to cover Mott-Hubbardnodel may be accurately reduced to an effective single-band
and charge-transfer regimes. This has enabled us to identifyjodel by a cell perturbation method to second order. This
the causes of the different behavior in these regimes and tmcludes Mott-Hubbard and charge-transfer regimes for un-
be in a position to ascertain what, if anything, is specialdoped, electron-doped, and hole-doped cases. The undoped
about the cuprates. Both electron and hole doping cases haease(or effective half-filled bangincludes the metallic re-
been investigated, enabling us to identify the origins andjime; i.e., it incorporates the insulator-metal transition. The
reasons for different behavior and to discuss the possibléorm of the effective single-band model is the same for all
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cases, any differences being only in the magnitudes of thenechanism for pairing as proposed by Hirsch and
effective parameters angarticularly their asymmetry. co-worker$*~*"and others?®

(2) In all cases we find thatll the underlying parameters (8) The next-nearest-neighbor hopping terrase particu-
in the d-p model are important in determining the effective |arly sensitive to all the underlying-p parameters and the
single-band parameters. Thus, the often used approximatioRgcond-order contributions make a significant, sometimes
of Ug= and U,=t,,=V4=0 give significant errors in  dominant, contribution. These effective hoppings can be of
the effective parameters and their variation with chargethe same or opposite sign for doped holes or electrons, de-
transfer energy{=e¢,—&q). pending on the underlying parameters. For the cuprates we

(3) The behavior in the extreme Mott-Hubbard {<&)  find that they have the same sigwhen the same sign con-
and charge-transfel;>¢) regimes is quite different. The vention, e.g. for holes, is used for both casés agreement
former reduces to an effective single-band Hubbard modelith earlier findings in small cluster8:*2 In the context of
with Ugr~Uyq andteﬁ~tr2,d/s. As /Uy is decreased and we t-t’'-J models describing either hole doping or electron dop-
move towards and into the charge-transfer regime, the effedng (where it is common practice to use different sign con-
tive parameters become increasingly dependent on all theentions the signs would therefore bepposite.Recently
underlying d-p parameters and aappreciable asymmetry Tohyama and Maekawahave argued that this asymmetry is
between electrons and holdsvelops. responsible for the stabilizatiqaestabilization of antiferro-

(4) In the charge-transfer regime, whadgy; is basically —magnetic order for electron dopingole doping, whereas
the charge-transfer gap is also quite sensitive td,; and  also the spatial distribution of the doped carrt@tand the
Up. Then the interplay betweesn and V4 is particularly  damping of quasiparticlé® have been shown to be very
striking with U .4 remaining invariant for a wide range of the sensitive to the sign df'. As a small but finitet’ is appar-
ratio V,q/e. This is potentially very important for the cu- ently a real feature, since it has been found to be essential in
pratessince the observed gap may be due to a somewhaeproducing various experimental observatiomsagnetic
larger V4 (and smallere) than is generally believedihis  structure factot?>!®*flat quasiparticle dispersion and shape
would have a large influence on the effective Coulomb interof the Fermi surfacé® sign change in the Hall effedt?)
action between doped holeSee below. these findings support the clalfrthat the sign oft’ is rel-

(5) Increasing the Coulomb parametefsq and U, will evant for the thermodynamics, in agreement with the more
also increase the effective Coulomb interaction betweemeneral arguments by L¥8 that the propagation within one
doped electrons and holes on nearest-neighbor cells in mostblattice without spin flip allowed by nonzerowould sig-
cases. However, in the charge-transfer regiffitis reduced  nificantly change the physics. We should, however, point out
with increasing 4. This is the effective single-band mani- that the previous estimates based on cluster calculations have
festation of the so-called oxygen charge-polarizationprobably overestimated the asymmetry, and we find that set-
effect>21:2351-60The trend is for the attractive tendency dueting t’=0 for electrons is a more accurate approximation
to V4 to be opposed by , andt,, but enhanced byy. For  than assuming’ to have similar magnitude but opposite sign
realistic cuprate parameters we find that the effective holefor electrons and holes. Nevertheless, it is #lisctron-hole
hole interaction igepulsiveand in fact comparable with the asymmetry in the next-nearest-neighbor hopping combined
corresponding electron-electron interactigvhich is always with almost perfect symmetry of all other effective param-
repulsive. However, we emphasize that this small residualetersthat seems to distinguish the cuprates from a general
repulsion between holes is due to a subtle interplay betweetharge-transfer insulator in the ZSA diagram.

the variousd-p parameters and certain approximatidfor In conclusion, the results of the present investigation
example, settingJ =%, U,=0, or t,,=0) can give the leave little doubt that the reduction of a multi-bawep
opposite result. model to an effective single-band model is a valid and trac-

(6) The other main effect o), in first-order is to give table problem for a very wide range dfp parameters, also
rise to a ferromagnetic spin-spin interaction which oppose# the presence of Coulomb repulsion on oxygen and be-
antiferromagnetic superexchange. This can be quite appréween copper and oxygen. The only remaining doubt as to its
ciable and its contribution is necessary in order to get reavalidity is the effect of extra orbitals not included in the
sonable agreement with the observed exchange constant fiwvo-band model, since there is always the possibility that
the cuprates. these may give rise to cell states which could be sufficiently

(7) The asymmetry in theee, hh, and eh nearest- low in energy that their effect may not be accounted for
neighbor hopping terms in the effective single-band modeperturbatively. One possible source of such low-energy cell
can also be quite appreciable with differences up to a factostates is provided by apical oxygen ions with a low-energy
of 2 between electron and hole hopping. While the magni{, orbital. As we show in the companion paper II, with re-
tudes of these hopping parameters depend sensitively on tladistic estimates ofl-p parameters a breakdown of the effec-
underlyingd-p hopping terms,,, andt,q, as expected, the tive single-band model cannot be ruled out for some materi-
Coulomb parameters are also important and can have a largds, though it is unlikely for most of the highs cuprates.
effect on the asymmetry. It is notable that for the expectedAnother possible mechanism may be provided by a large
parameter range of the cuprates there is, what appears to m®pper-oxygen Coulomb repulsiaf,q (considerably greater
an accidental cancellation of the various contributions whictthan 2 eV for the cupratgsf the resulting relative lowering
results inalmost perfect electron-hole symmefy#e~t"") of the in-plane oxygen orbitals af;-symmetry were able to
and only a very small difference between these intrabandvercome the stabilization of the Zhang-Rice singlet by the
hopping parameters and the interbafl This casts some pd hybridization. Indeed, Varma and co-work¥® have
doubt on the viability of occupation-dependent hopping as argued from a different viewpoint that more than one type of
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