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An effective single-band model for the cuprates is derived by a cell-perturbation method from a five-band
model which includesls,2_,2 orbitals on copper ang@, orbitals on apical oxygen. In addition to the usual
Zhang-Rice singlets of; symmetry, there are two-hole cell statesBaf symmetry, which can become low in
energy and depend sensitively on the apical oxygen ions. Provided that hybridization with the apical oxygen
orbital is sufficiently weak to permit reduction tatd’-J model, the main effect of thB,-symmetry states is
to renormalize the effective next-nearest-neighbor hoppihgdf doped holes. This effect can be quite large
and may even change the signtdf The variation oft’ between various compounds due to differences in
crystal structure is shown to correlate wil'?*, the critical temperature at optimum doping, suggesting that
t’ may be a crucial parameter for the low-energy physics, which moreover differentiates between the various
cuprates. The effective single-band model is shown to break down when the apex level approaches the in-plane
oxygen level, and to describe that situation, which cannot be ruled out completely for the cuprates with present
experimental evidence, we propose a specific minimal effe¢twe-band model.

[. INTRODUCTION tion, various mechanisms for superconductivity have been
proposed in which the &,2_,2 orbital plays an essential
Extensive studies over the past five years have resulted iole*~?? Further, there is experimental evidence that the
considerable evidence that the copper-oxide planes of theut-of-plane(*apical”) oxygens affect the electronic struc-
high-temperature superconductors may be modeled by an efre in a way that is relevant to superconductivity. For ex-
fective single-band modéf® Nevertheless, this issue has re- ample, in some compounds there is apparently a significant
mained controversialsee, e.g., the discussion in Refs.)1,2 isotope effect for the apical oxygéh?*and there is also a
because of arguments by Emery and R&iteat the oxygen clear correlation between the maximum critical temperature
degrees of freedom are essential and would lead to a brealz - reached in different cuprates and the copper-apex bond-
down of an effective single-band description. In the preceding as estimated from the Cu bond valence Saimilarly,
ing papef’ henceforth referred to as I, we have made a dea correlation has been demonstrated betw&8H and the
tailed investigation of the reduction of the three-badelp( Madelung potential at the apical oxygen relative to that at the
modeP® to an effective single-band model for a wide rangeplanar oxygené® One is thus led to take also th@2orbital
of parameters, using a cell-perturbation method. This leads ton the apical oxygen into account, and the basic model be-
a single-band Hubbard model which differs from the usualcomes the five-band-p model considered in Refs. 27-29. It
form only in that effective hopping and Coulomb interactionsis clear that consideration of such an extended model, not
between carriers are “asymmetric.” However, apart fromentirely restricted to the Cu-O planes, is actually inevitable if
these asymmetries and some small correction terms, thene wants to account for the differences between the various
mapping of the three-bamdtp model to an effective single- cuprates.
band Hubbard model is found to be extremely robust, with In the present paper we therefore reconsider the reduction
the effective parameters given very accurately in second otto a single-band model by the cell-perturbation method when
der. the copper 83,2_,2 and apical oxygerp, orbitals are in-
The validity of a single-band description of the cupratescluded, thus starting from a five-band rather than a three-
has also been questioned from a quite different point of viewband model. As in previous investigatiof{s2° one particu-
Various authors argued that the starting point, the three-banidr aim of the present work is to possibly identify a
d-p model, is already insufficiently complete to capture all characteristic quantity that is strongly affected by the apical
the relevant physics. In particular, calculations aiming at soxygens (and thus differentiates between the various cu-
realistic _description of the electronic structure haveprates and which can also be shown, at least empirically, to
indicated *°that, in addition to the copperdz_,2 and oxy-  be related to highF, superconductivity. Our main result on
gen 2, and 2, o orbitals included in the three-band this issue is that such a quantity actually exists within the
model, the copper &;,2_,2 orbital may also be involved in single-band description, namely, that theext-nearest-
accommodating doped holes. This has been confirmed biyeighbor hopping parametef in thet-t’-J model qualifies
electron-energy-loss spectroscép¥ and polarized x-ray- as the single parameter reflecting the main differences be-
absorption spectroscopy although the occupancy is ap- tween the various cuprates.
parently considerably less than believed befdrén addi- The plan of the paper is as follows. In Sec. Il we construct
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the Hamiltonian for the five-band model in a cell basis, em-Hamiltonian by including the &,,2_,2=d, orbital on copper
phasizing the new aspects associated with the added orbitaknd the 2, orbitals on apical oxygen. The localized energy
and referring for general information on the cell-perturbationof a hole in an apicap, orbital we denote by ,,ecand that
method to paper Kwhere also further references can beof a d, hole bye, (representing a crystal-field splitting be-
found). This is followed in Sec. Ill by an examination of the tweend, andd, orbitals ofe,—&4). Estimates for these pa-
most important effective hopping matrix elements and theirameters for the cuprates ar@gain in units of tpg)
variation with the energy of the apical, orbital and other  &,<0.57"* while e e, varies considerably from compound
d-p parameters. In Sec. IV we consider corrections to theo compound because of the variation of Madelung poten-
usual effective single-band-¢’-J) model caused by the ex- tials, ranging between 1.6 and £6Since the main aim of
tra orbitals and, particularly, the apical oxygen. This includeghis paper is to investigate the effects of the extpa,(,)
a critical discussion of the validity of the effective single- orbitals, and the results do not change in any significant way
band model, speculating on when, and why, it might breakyith the Coulomb parametets, andV (provided the lat-
down and what minimal model it could be replaced with. Inter is not too largg then we set these to zero. Since this also
Sec. V we discuss the significance wf and examine the decreases the effective gégee ), we increases by about
correlation between’ as calculated here and the experimen-unity to compensate, when referring to the “standard” set.
tal values of T7'® for various cuprates. Finally, the main  In a preliminary step the in-plane oxygen orbitals are
results are summarized and further discussed in Sec. VI. transformed into Wannier orbitats anda, transforming lo-
cally like b; anda;. In contrast to the three-band case the
Il. EFFECTIVE HAMILTONIAN a orbitals must be retained because they hybridize strongly
FOR THE FIVE-BAND MODEL with thed, andp, orbitals. It is then important to exploit the
freedom left in the definition of the Wannier orbitals by
) choosing a phase factor which ensures bwth g and b are
The usual three-band-p model of the copper-oxide gerived mainly from the four oxygep, andp, orbitals sur-
planes in the high-temperature superconductors is a tightoynding the Cu sité. The first step in the cell approach is
binding model with (hole) orbitals on copper pqy tg write the Hamiltonian of the five-band model in the
(3d,2-y2=d,) and oxygen (Py,2py) and includes Cu-O (g 4  ab,p,) cell basis, and in the formH=Hy+He,
and O-O hopping interactionstyy and t,p), on-site and  \yhereH,==h; describes noninteracting cells aHg, is the
nearest-neighbor Coulomb interactiongy(, Ug, andVypa),  cell-cell interaction. Because orbitals of different local sym-
and on-site energiessf and ) [see Eq.(2.1) of I]. Esti-  metry do not hybridize within a cell, the single-cell Hamil-

mates pertinent to the cuprates have conver@ee ) to-  (opjanh can be split into three parts,
wards a “standard” set of parametefi® units of t,q~1.3

eV) e=egp—eq=2.7, t,4=1, t,,=0.5, U4=7, U,=3, and

Vpe=1, firmly putting the cuprates in the charge-transfer h=h(®1 4+ h(@) 4 p(aby) (2.1
(rather than the Mott-Hubbardregime in the Zaanen-

Sawatzky-Allen diagram® We now extend the three-band where

hbY =g n® + Udn;dx)nidx)— Tbg (dIVUbUJr H.c), (2.2

d d
h@ =g n®+¢,n% +g nP)+ Udn(T Z)n(l d— 7> (d] ,a,+H.c)—he> (df p,,+H.C)— 7> (alp,,+H.c),
(o g g
(2.3

h(albl):Udn(dX>n(dz), (24)

with ep=e,— 4= 2tppve0=ep—eq— 1.4536t,,, e,=¢,  copper atom as the in-plane oxygen atdh&.

—eqt 2ty pveo=ep— 41 1.4536t,, (the effective charge- It is now useful to decompose also the cell-cell interaction
transfer energies of the band and the band, respectively  (which is of purely hopping type since we have set
o= 2tpattoo= 1.9162t g, Ta:2tpd)\00/\/§:0-8612tpdv _UpzvdeO) according to the local symmetry of the orbitals
The=2t)J3=1.1547t,, and 7,= 2t hoo=1.4916t, .  involved:

The convention for the primed hopping parametr%rcsand b1 (e L (aiby

t;, for hops involving the apical oxygen has been chosen Hoe=Hpgp T Hiop T Hpop - (2.5
such that they become equal tg; and t,,, respectively,

when the apical oxygen atom is at the same distance from thehere
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b
HL(,g:—thd;j > m,—(d;wb,—ﬁbﬁadx,j(,)—ztpp;j > vijblbj,, (2.6
2
H:%tn):_ﬁtpdi;j ; )\ij(d;igajg-l-a;rgdz‘ja)+2tpp;j ; vijaiTgajU—thpi;j ; )\ij(p;igaja-l-argpzng), (27)

2
b ’
H:f:,t l):+_/_3tpd§j > gij(d;iubjzf—’_biTa-dZ,ja)_thpizj > Xij(aiT(rbj(r“Lbr(raja)+2tppizj > §ij(P;r,iabju+biT(rpz,jo),
2.9

where the coefficienta;; , v;;, \jj, &, andy;; follow from  forward, implies that the summations (8.9) include many

the Wannier transformatio(see Appendix A One should more cell states, reflecting the increased dimension of the
note thatw;; , »;;, and\;;, describing hybridization between Hilbert space, and one must reconsider whether reduction to
orbitals of the same symmetry, depend only on the distancen effective single-band model is still justified. Fortunately a
between sites and j. By contrast the coefficient§; and  considerable simplification can be achieved, both conceptu-
Xij,» Which describe the hybridization between- and ally and practically, by making proper use of the symmetry
b,-symmetry orbitals, also depend on the orientation of theyf the cell states.

vectorR;; connecting andj: they change sign wheR;; is Let us consider first the main effect of the new hole or-
reflected in one of thEl1] directions(and so in particular are  pjtals which transform locally like,;, starting with the in-
zero for site? conngcﬂted diagonallfhis is of course due 0 y1ane oxygen Wannier orbital. This orbital lies at energy
the different“nodality” of a;- andb;-symmetry orbitals: a £, about 3,, above the in-plane oxygeh orbital of b,

blb.?rtl)itgll changzeslt Sfig? utr;]der.a 90: r(t)t?tion whil_e zalr;h tsymmetry at energy, [see Eqs(2.3) and (2.2)]. In the
orbital does not. 1L IS further important to recognize thaty, oo hand model tha orbital provides the onlyne-hole

Vr;l]gltlre TgiplﬂglIbe(tavf\fli?:?:nltnézl%r:t:v\?exgr?etr?ozg)l;;?lssag;ﬁt?- cell stateof a; symmetry. The energy of the lowest one-hole
Y qually y Y state ofb; symmetry is then significantly lower due to hy-

('mc/)?mg?stgé Sr:tmhgrg‘?rifriggirrgj)d,irzcélte ;Jngzbzggeaeﬂiﬁ:am bridization between thb orbital and 3l,2_,2 on copper(via
P, : P toq), even where, and/ore,, are small(see Fig. 1, and also

(dz(_}di’ Pz;’bpz, hdkz;_')dPZ) t.arehnot pertrl:ltter(:l, an? the Appendix B where the explicit form of the intracell Hamil-
hearest-neighbor hybridizalion hops In 1ag channel are sy matrices is given For thetwo-hole statesve may

weaker by Noi/\3uor<1/\3 and tyhor/tharor<tpp/toa  construct states with locah; symmetry from two orbitals
(for d;~a andp,—a, respectively than those in the corre- it . symmetry, and states with locBl, symmetry from a
spondingb, channel @,—b). , b, orbital and ana; orbital. In the three-band model the
The next and essential step of the cell method is to deterAl state splits into a lowest singlgthe Zhang-Ric&(ZR)
mine the eigens.'[ate*\sv) of the single-cell Hamiltonian singlef® |S)] and a triplet[the Emery-ReitefER) triplet®
h [Eq. (2.1)], which can of course be done exactly, and|T ] 4t energye,. This energy lowering of the singlet is
subsequently express'the full Hamiltonian in terms on’:hes gain (and hereonly) due to hybridization viat,q which
cell eigenstates. Using HubbardX operator® X; cannot occur for the triplet due to the Pauli principle. The
=|iv')(iv|, one obtains hybridization between th®&; basis statesd,a) and |ba),
located at energies, and e,+ ¢, respectively(see Fig. 1
- o o vy oo and Appendix B, is weaker than between th&; singlet
H= E, X{"+ the R XY X R 2.9
Zi Ey v <.§,:> 2 . . 29 states|d,b)s=(|d,;b,)—|dy b;))/V2 and |b;b;) because
. ) . there is no mixing via the orbital due to symmetry. The
where the second sum is over all pairs of sitest not re- o hole states 0B, symmetry therefore lie considerably

’ !
v up

stricted to nearest neighbor$Ve emphasize tha.9) is still  gpove the Zhang-Rice singlet.
entirely  equivalent to the Hamiltonian in  the  Hence, since the local one- and two-hole states involving
(dy.d;,a,b,p,) basis, and all intracell energi€s, and cell-  {he a, orbitals are higher in energy than the lowest states

to-cell hopping parametersi”j/V”/“E(iv’,j,u’lHCC|iv,j,u> involving only b, orbitals, the former are usually dropped
can be calculated from the original parameters. Reduction tand the three-band model is reduced to a two-band model,
an effective single-band model is achieved by retaining irfor the low-energy physics. This is, of course, an approxima-
each cell only the zero-holéull-shell, vacuum state|0), tion for although the two manifolds of states are decoupled
the lowest-energy one-hole doublgt,), and the lowest two- locally they can mix on neighboring cellccompare Eq.
hole (singlep cell state|S) (the generalized Zhang-Rice (2.8)], via effective hopping matrix elements. The impor-
singlef*®), and accounting for the effect of all the dropped tance of thesed;-derived states depends on the strength of
cell states by second-order perturbation thegge ). In the  the relevant hopping matrix elements and the difference in
case of the three-band model, as usually considered, and décal energies in making such a transition, i.e., the ratio
ter dropping thea orbitals, the number of cell states is rather [t/AE|. Upon reduction to an effective single-band model
limited. The inclusion of the extra orbitals, although straight-this therefore leads to corrections in perturbation
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sector the lowest state transforming lika; will now be
dominated by itsd, component, at least as long as
£,<&a,€pex (S€€ Fig. 1L However, since the intracell hy-
bridization betweerd, and a is considerably weaker than
betweerd, andb [compare Eqs(2.2) and(2.3)], the lowest
b, one-hole state will then still be at significantly lower en-
ergy than thea; state. In thewo-hole sectothe presence of
thed, orbital will lead to a largdbd,) component in at least
one of the low-lyingB; states(in the interesting regime of
fairly large Uy the |d,d,) component will be relatively
small). The other main component will Hga), because the
base statesd,a) and|ba) hybridize, exactly like the one-
hole base statelsl,) and |b), into a low-lying|ga) (and a
high-lying [ea)), thus gaining about?/e,~4t3 /ey, in en-
ergy. If e,<e,—ep—4t5y/ep,, a condition well satisfied for
the cuprates, it will be the lowe&;-symmetry statdhere-
after referred to as thB state that is predominantlybd,)
like, while the next-higher staB’) will be mainly |ga), at
least as long as e, is sufficiently large(see again Fig. )1
One then expects the hybridization betwebd,) and|ba)
to push theB state significantly below the ER triplet.

The apical oxygen orbitap, introduces the basis states
|dyp,) and |bp,) which hybridize among themselves into
lgp,) (and|ep,)) and subsequently mainly wiflya) and to

FIG. 1. Schematic energy level diagram of the cell states in theéd lesser extent wittbd,). These new basis states thus influ-
five-band model. Upper panel, one-hole states; lower panel, twoence the balance between {ldga) and|bd,) components in

hole states. States in the three-b&BEchery model (b; andA;) are

the B state, and this in turn affects the magnitude of hopping

shown on the left with additional states in the five-band modelmatrix elements. Finally note thBt singlet and triplet states
(a, andB,) on the right. For the two-hole states hybridization in are degenerate as long as we ignore the Hund's-rule intra-
theb; (a;) channel is indicated by dashédotted arrows.

atomic exchange on copper, becauseBallbase states are
necessarily constructed from two different orbitals, and so no

theory in exactly the same way as for the Emery-Reiter tripriplet base states are excluded by the Pauli principle.

let (see ). Indeed, since the ER triplet and the lowest two-

The behavior of theB;-symmetry two-hole states de-

hole state witlB; symmetry have comparable energies in thescribed above is illustrated in Fig(& where we plot the
three-band model, there is r@opriori reason to believe that energy of the siB; stateqrelative to the ZR singlet energy

the latter is any less important.

versus the apex orbital energy. The energy of the ER triplet

In the five-band model the potential significance of the(dotted ling is also shown for comparison and appears, of
a,-derived states becomes greater since there is further egeurse, as a horizontal line since it does not involve the apex

ergy lowering due to hybridization with thé, orbitals on
copper and the, orbitals on apical oxygen. In thene-hole
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FIG. 2. (a) Cell state energiegelative to the ZR singlet energy(b) hopping parameters, arid) energies at the band bottom, of the six
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field splitting, e,=0.5, whereas for the hybridization of the 0.2
apical oxygenp, orbital we taket,,=0.5 andt;,=0.25,
corresponding roughly to a copper-apex distance 20% larger
than the in-plane oxygen copper distaiRté®(Here, as in the
figures to follow, we have normalized to units tigf;=1.)

In Fig. 2(a) we note first that thé® state is always lower
in energy than the ER triplet, a feature emphasized for the
cuprates by Eskes and Sawat2&i[his is not too surprising
since theB state can profit more readily from hybridization
without the restriction of the Pauli principle suffered by the
ER triplet. Hence, to be consistent, if we are to calculate
corrections to the effective single-band model due to the ER
triplet, then we should, at least, also include corrections due
to the B state. Since the latter involves tlig orbitals on
copper, then, even in the absence of the apicals, we would
have to consider a four-band model. Fortunately, these cor-
rections are quite smallbut not insignificant as we show
laten without the apicals and may be accounted for pertur-
batively. However, this imot the case when the apical is
lowered in energy, as shown in the figure, when Bhstate
becomes increasingly important and eventually even crosses
the ZR singlet. We shall see in the next section that this may
well be the situation for some of the cuprates.

Secondly we observe that the variation with,.,can be
simply understood as the stdtgp,) being “pulled through”
the low-lying state$B) and|B’) whene ,peis lowered. The
resulting anticrossings imply that when the apex level is high
then|B)~|bd,) and|B’)~|ga), while for small & e, the
B state finally becomedgp,), with |B’)~|bd,) and FIG. 3. Hopping and hybridization matrix elements involving
|B")~|ga). That this identification is correct may also be the ZR singlet, ER triplet, and lowest stateRyf symmetry showing
recognized from Fig. ®), which shows the nearest-neighbor dependence o)y and ey, with £5,=0.5, 154=0.5, £p,=0.25,
hopp|ng parameteré?’(k)ggB(k) (Where k= O7 . ,5)7 associ- 82201 anqsapt_al_)(:g-():t 99 (SO“d |.|ne),Bt gsg (dOtted |IneZ t'99
ated with the six8, two-hole states. They are defined as the(d2shed ling t782% (long-dashed link t°%%° (dot-dashed line (2)
amplitude  for  the  process |...,g,B(k),...) D4~ (b) Ug=7.
—]|...,B(k),g, ...), and are a measure of the bandwidth . )
of a propagating statiB(k)) in a background of doublets simply because the relevant cell energies are too high. Here
(sping in the copper-oxide plane. The relatively large hop-We have plotted the energy at the bottom of each of the
ping parameter for the staB’) at larges yoexCOrresponds to  Bi-Symmetry bands? Egoi): Ep)— 8[tB(V9980)]

: : apex . 1B(k)ggB(k) /B(k)ggB(kS i

|B’)~|ga) with the hole in the planar oxygem orbital be- ~ +8t , Where t is the next-nearest-
ing fairly mobile, as pointed out above, and moving rathern€ighbor hopping parameter for stagy(k)).
freely over the background of one-hole statsging |g,).
Below the anticrossing at,pe~5 that behavior is taken
over by the statéB”). The hopping parameter of th& state
remains much smaller throughout, being dominated by hops Having established that at most th& state could get
involving the rather “immobile” a;-symmetry orbitalsd,  physically occupied, it is of interest to study the behavior of
andp, at large and smak ,,c,, respectively. that state in some more detail, and in particular compare with

Validity of the reduction to an effective single-band model that of the ER triplet. We do so in Figs. 3-5, where we plot
requires that upon hole doping only ZR singlets are createtiopping matrix elements and local two-hole energies versus
but no other two-hole states. FiguréaR already indicates the relevant orbital energies.
that this condition might be not fulfilled at smadl,,, be- In Fig. 3 we show thes, dependence of the five most
cause thd state could get occupied. It also suggests that thémportant nearest-neighbohopping matrix elements. Their
other B, states are sufficiently higher in energy and will meaning and significance is as follows. First?9" repre-
remain unoccupied. However, whether occupation of a parsents the hopping of an Emery-Reiter triplet; i.e., it is the
ticular state occurs or not is of course determined by themplitude for the process |...,0,T,...)
energy at the bottom of the band that it gives rise to, while—| ... ,T,g...), just like t®998 is the hopping matrix ele-
Fig. 2(a) shows cell energies which correspond to band cenment for theB state. The remaining matrix elemen{g9E,
ters. Since we have seen in Figbpthat the bandwidth of t799S andtB99S again represent a two-hole hop but with a
the B’- andB” band can be rather large, one might wondersimultaneous transition to a different two-hole state, as indi-
whether they would not get occupied more readily than thecated by the notation. They produce mixing between the
narrow B band. Figure &) shows that this is not the case, various two-hole bands. In this figure we have set the crystal
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field splitting to zero £€,=0) and the energy of the apex
level high (e 4pex=10). (Hence, except for large, the apical

oxygen has little effect.We see from these plots that, in
general, the bandwidth of tH® state is less than that of the
ER triplet. IndeedtB998 is smaller than the other matrix
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Although the magnitude of'99S is greater than that of
tB995 their relative importance with regard to corrections to
the effective single-band model, or even the possibility of its
breakdown, depends also on the energigandE relative
to that of the Zhang-Rice singlétg, as discussed in the
previous section. We show these energies in Fig). #br the

elements over the whole range of parameters. This is simplgame parameters as in Fig. 3. We see again that over the
because thd state has significant admixtures of two-hole whole parameter range tiBestate is lower than the ER trip-

base states in which one hole is irdaorbital and this state
is therefore rather immobilgThe d, hole can only move
when it is converted into an in-plane oxygenhole. As

let. In the present case of high apex orbital energy, these
energies are an order of magnitude or more greater than the
corresponding’s involved in the transition. We thus expect

pointed out in the previous section, the interaction for thathat they will lead to small perturbative corrections to the

process is weaker than that for converting,ahole into an

in-planeb hole, which is the process involved in the corre-

sponding motion of the Emery-Reiter triplethe other hop-
ping matrix elements, i.e.tB995 tB99T and t799S are

effective single-band model. This is indeed the case as we
show later.

When the apex orbital is lowered in energy the situation
can change significantly since th# state becomes much

broadly comparable in magnitude, which generally increaselwer in energy. This is illustrated in Fig.(l4) for which
with ep,. Note that these matrix elements have significantlye ,,.,has been lowered to 3. With increasingthe energy of

greater magnitude for finitd 4 compared withJ =20, high-

the B state decreases with respect to that of the ZR singlet,

lighting the importance of the states with two holes on cop-and theB state actually crosses the ZR singlet fgy~5,

per. It is also noteworthy thaB995andt"995have a different
variation withe,,. One sees thaf995 decreases slowly with
ey, since forey, large,|g,)~|dy ,) while |S) will primarily
be composed ofdsb) and|d, dy ) and these can only be
converted to|B) by the procesd+«a, which is relatively
weak. On the other handiT) and|S) tend to the same state
(apart from spih when e, becomes large, viz|d,b), for

signaling a breakdown of the effective single-band model. If
£apex IS reduced to 2, this crossover occurs already at
e~ 2, which corresponds to an in-plane oxygen hole energy
of 3.5 eV and an apical hole energy of 2.6 eV. Although there
is some uncertainty in these parameters for the cuprates, they
have been estimated for a range of materials and for some
the apex-hole energies are indeed predicted to be close to or

which there is an appreciable amplitude for hopping viaeven below that of the in-plane oxygen holes, around 8’eV.

b—b andb«~d,.

It thus appears that a breakdown of the effective single-band
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model due to apical oxygen is a very real possibility in somereduced to a single-band model by simply restricting the Hil-
materials. bert space to the lowest cell states, i|8), (no holes, |g,)
There is a further interesting effect when we are close tqone holg, and|S) (two holes, Zhang-Rice singletThis
this breakdown regiofi.e., Eg—Eg sm%lb, Qamew, that the  immediately maps onto an asymmetric effectbiegle-band
effective bandwidth of thé state et 99 ) changes sig- Hubbard modelith different effective hopping parameters
nificantly in the regione e~ ep, passing through a rela- for  holes, tnh=<iS,jga|Hcc|i9u'jS>y electrons, tie]-e
tively pronounced maximum. This was already discernable:<ig j0[Hdi0,ig,) and  interband  transitions
in Fig. 2(b) and is shown in more detail in Fig(® where  eh_ /e : o -
tB998 s plotted against apex orbital energy. We see from Figj[IJ (iS,]0lHcdig;.ig,), and an effective Hubbard)

5(b), which shows the corresponding variationBg—Eg, given by Uer=EstEo—2E, (of °rde£h8b n the charge-
that in each case this maximum|i¥998 occurs in a region transfer regime) > sp). WhenUeg>1*" this may then be

whereEz— Eg is changing rapidly with apical hole energy, furthgr mapped onto aharge-spin(t-t’-J) mode] describ-
though still positive Eg—Eg~1 in all cases For typical ing elth,er a hole-doped or an electron-doped system, where
cuprate parametefsuch as the dotted curvthe apical oxy- t a@ndt’ are the appropriateh or e€) nearest- and next-
gen energies predicted for a number of materials are in thBéarest-neighbor  hopping paramettrs and  with
region of this peak’ Such an enhanced bandwidth is poten-J=4(t5))%/Ueg.
tially significant if it concurs with a breakdown of the effec- We now discuss the main corrections to the effective
tive single-band model. In that situation there would be reakingle-band model produced by thg-symmetry orbitals, for
hole occupation of the8 band, which would then be ex- the region of parameters where the single-band description is
pected to play a role in charge transport, in spitetﬁg‘-x’B expected to remain valid. As in the reduction from the two-
being considerably smaller thai995 the nearest-neighbor band model described in I, these corrections arise from
hopping of ZR singlets. This is because fRestate is spin  higher-lying cell states and may be accounted for by pertur-
independen(or at least nearly so when the Hund’s rule intra- bation theory provided that the levels involved are suffi-
atomic splitting of the Cui® configuration is includedand  ciently high in energy. When reducing from the three-band or
hence its motion is expected to be less inhibited by the spifive-band model there are, of course, many more higher-
background than the ZR singlets, which effectively becomeying cell states to be included in the summations over inter-
heavier due to a “spin-string” effect. _ mediate states. As stated above, the most important new state
The variation oft®99® with the underlying parameters, s the lowest two-hole state @&, symmetry(the B stats.

Eapexs £b, €2 aNdUy, can be understood as follows. First, proyided it is not too low in energy, its main effect is to
consider the situation where the energy of the apex is so higfunormalize thenext-nearest-neighbor hopping’) in the
that one deals essentially with the four-band model, and th@ffective single-band modelit will also affect the nearest-

B state is mainly a superposition of the in-plane base statelsreighbor hopping and, for the charge-spin model, the su-

[bd,), |dxa),_|ba>, and|d,d,). The hopping of thé state is (Perexchange]. However, for reasons of symmetry, these
then essentially controlled by the balance between the prd- 2 .
renormalizations are very small, as explained below.

cessa«a involving the two base statéd,a) and|ba), and For th hole dobinath d-ord

the processl,«a involving also|bd,) and to a lesser extent, . or t € case onole oplngt © second-order processes
depending upon the value tf,, also|d,d,). Because the involved in this renormgllzatlon are of the form
processes have opposite sifgee Eq.(2.7) and note that |1>9:9)—19,B,9)—9,9,5), i.e., the ZR singlet on cell 1
both X oy and vo; are <0J, the net result depends sensitively €Xchanges with a spir¢)=[g,,)) on cell 3 via an interme-
on the participation ofd,d,) in the B state, i.e., oJy [see ~ diate state involving thé state on cell 2. One must now
Fig. 5@)]. When e, is decreased and the Componemsdlstlngwsh_the following casesi) for parallel spins: via the
|d,p,) and|bp,) involving the apex orbital get mixed in, the M=0  triplet ~ component ~ of the B  state,
hopping matrix element first increases because the proce$s o,0)—|0,°Bg,0)—|0,0,S), or via the singlet,
p,<a involving these base states has the same sign as thé,o,0)—|0,'By,0)—|0,0,S); (ii) for antiparallel spins:

d,—a procesgsee again Eq(2.7)]. Actually, the participa- Via_ th83 Im=1 _  triplet  component,
tion of the in-plane oxygea orbital in theB state gets also |S,0,0)—|0,°By;,0)—|0,0,S); (iii) for antiparallel spins:
increased slightl{compare Fig. Ldue to increased hybrid- Via the m=0 triplet component,

ization betweerid,p,) and|d,a) (and also betweetbp,) |S,0,0)—|0,°Bg,0)—|0,0,S), or via the singlet,
and |ba)). Finally, however, when the energy of the apex|S.a.0)—|0,'By,0)—|0,0,S), with inversion of the spin
orbital is lowered even further, the effect on téandwidth ~ on cell 2 and of the spin that exchanges with the ZR singlet.
is rapidly reversed wheld,p,) becomes the dominant com- It is important to note that, as Ic_)ng as the intra-atomic
ponent in theB state approximately whesy,e<ep,, as seen Hund's-rule exchange on copper is neglected, actually no
in Fig. 5a). This is due to the decrease @- anda-hole  Spin-flip processes are generated by Ehstate; i.e., the spin.
content, which frustrates thé,—a and p,<»a processes, ©n cell 2 is the same in the final state as it was in the initial
and the increase ifimmobile) apex-hole content. state. This is due to the degeneracy and identical orbital com-
position of singlet and triplet B states, so that

IV. EFFECTIVE SINGLE-BAND MODEL (*Bo,0Hcd0,5) =Ny (*Bo, 0Hcd 0, §)=t99° (where

AND ITS POSSIBLE BREAKDOWN le A =—1), which makes the spin-flipping sequences
in (iii) exactly cancel one another. For the same reason the

As sketched in Sec. Il and described in detail in |, theamplitude of the non-spin-flip process does not depend on
multi-band d-p model expressed in the cell basis may bethe orientation of the spin on cell 2, because
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— T effective diagonahop |S,g)—|g,S) are necessarily along

] different axeqgone alongx, one alongy) and therefore con-
tribute opposite signs. Referring to the discussion following
Eq. (2.8) we emphasize that this important feature is due to
the differentlocal symmetryof a; andb; orbitals.[Similarly,

the correction to nearest-neighbor hopping is almost zero
because the expectedly dominant contributions involve one
virtual (first-ordep diagonalb;«a; hop, for which the ma-
trix element vanishes by symmetrifhe effect of theB state

on the next-nearest-neighbor hopping is shown in Fig. 6
where we plot’"" vs ¢, with and without the correction due

to the B state. [Actually, the contributions from all
B;-symmetry two-hole states are included, but that from the
(lowes) B state is dominant.These plots also show the
second-order correction due to the Emery-Reiter trifdét-
cussed in | and Ref. 39

0.00 |

t,hh

-0.05

-0.10
0

0.00 3(179992

rhh - _
oN(T) =~ 27—~

4.2

t,hh

In fact, the ER triplet gives a spin-dependent correctias
well as spin-flip terms since cancellations like for th&
state above do not occur, simply because there is no coun-
terpart singlet to the ER triplet. In order to make a compari-
son with 6t'""(B) we have, in Eq(4.2), taken the mean of
spin-parallel and spin-antiparallel non-spin-flip corrections
(which yields the factor 3/2), which corresponds physically
to assuming that the ZR singlets move in a paramagnetic
FIG. 6. Next-nearest-neighbor hopping for holed€", vs¢,, ~ Packground; i.e., one-hole states have equal probability of
without (dotted ling and including the corrections due to the ER Naving spin up or spin down. As seen in Figa(where
triplet (dashed lingand in addition that due to thB state(solid  €apex= 10), when the apex orbital is high in energy the cor-
line), with &,=0.5. () & apex= 10, (D) &aper=3- rection due to thd state is small, as expectéthough com-
parable with that due to the ER tripleBringing down the
<3Bza.E|Hcc|U,S>=—Ra\/EthgS, so that the two processes 2P€X level increases the correction due to Ehetate and

(i) yield the same total correction for parallel spins as theVith eapex=3 [Fig. 6b)] its contribution is always greater
single processii) does for antiparallel spins. Inclusion of the than that of the ER triplet, or any other higher-lying state.
intra-atomic Hund's-rule exchange would obviously give riseNOte that in this example the relative %Eangqé’l*ﬁ‘ becomes

to small deviations from this spin independence. Note furthefarge fore,~3 (the cupratek sincedt'™(B) is then of the
that as an immediate consequence of(tiea) spin indepen- Same order as'"". The correction grows rapidly as, is
dence the contribution of second-order processes involvinéﬁrther increased te-4, eventually signaling a breakdown of
the B state to the superexchangesanishes(or nearly so. the perturbation expansion and the mapping to an effective

005 F

-0.10
0

The resulting correction to'"" is therefore single-band model, ashéjiscussed above.
The sensitivity oft’"" to the apex level is demonstrated
. 2(tB99S)2 more explicitly in Fig. 7 where we plot'™ vs e, for
ot'™(B)= +2H’ (4.)  variousUq4 ande,, again with and without th® state con-

tribution. We observe that there is a rapid suppression in the
taking into account that there are two nearest-neighbor cellagnitude oft’" as the apex oxygen level is lowered in
that can act as cell 2. Note that this second-order correctioanergy, in particular for finitéJ ; where the nearest-neighbor
has positive sign because the two virtual hops hopping parametet®995 is much larger than fol =
|S,0,9)—19,B,9) and|g,B,g)—|g,9,S) that make up the (compare Fig. B as pointed out above. The plots further

0.10 0.10 0.10
005 | (@) ] () |l uz=7e=6
0.05 ¢ 0.05 FIG. 7. Next-nearest-neighbor hopping for
000 F || VUrmes8 3 ooo b 0,00 holes, t'"™, Vs &,pe,, Without (dotted ling and
£ 005 1 &7 £ including the corrections due to the ER triplet
- = . 005k ] 005 b\ ] (dashed I_in;a gnd in gddition that due to thB
-0.10 \ ] \ \ state (solid ling), with £,=0.5. (a) Ug=c,
-0.15 Sb:3, (b) Ud:7, szs, (C) Ud:7,8b:6.

R -0.10 A -0.10 L Lt
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
€apex Eapex Eapex
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0.02 et again of positive sign. As the energy denominator here,
] which can be rewritten abl 4+ Eg—Eg, is always much
"""""""""""""""" ] larger than in the case of holes, the effective single-band
0.01 ] model remains valid up to much smaller valuesegfand
! €apex» @nd especially is not likely to break down in the pa-
g 0.00 ] rameter range of interest for the cuprates. Also the correction
h ) given by Eq.(4.3) remains fairly small, but it is not insig-
001 b ] nificant because the value fof®® resulting from the two-
' band model is small to begin with. This is demonstrated in
f Fig. 8, which shows the dependence t6f¢ on the apex
-0.02 e orbital energy, with the same values for the other parameters
0 2 46 810 as in the similar plots of' ""in Fig. 7(b). For this “standard”

€apex cuprate parameter set we find that estate changes ®°
from ~—0.014 eV to~ —0.003 eV. This confirms our find-
) . . ing in | that the next-nearest-neighbor hopping parameter is
FIG. 8. Next-nearest-neighbor hopping for electrotiSy, vs  viryally zero for electron-doped cuprates. It also shows that
&apex: Without (dotted ling and including the corrections due to the \\ han the effect of the apical oxygens is included, the sign of
ER triplet(dashed lingand in addition that due to tH# state(solid t'®e will in general not change but remain negative. So, as
line), with 2,=0.5, U4=7, ande,=3. long as e,pex is NoOt too low, the signs of next-nearest-

show clearly that the region where the correction is large anf":“'ghbOr hole and electron hopping are siill the s&ifé

the single-band description eventually breaks down is give
roughly bye e~ ep, . Note, however, that the formal break-
down always occurs for a value efyethat is smaller than
ey, and significantly so for finitdJ ;. This is because it is
determined byEg—Eg becoming equal to zero, and both
hybridization effects and the influence 0f; are stronger for
the ZR singlet than for th& state[compare also Fig.(5)].
One should further note that far,ye, sufficiently low (but
not so low as to cause breakdowthe correction due to the

when the same sign convention is used for both; with the
commonly used convention for the’-J model the signs are
then opposit®), but they may become oppositand there-
fore equal with the-t’-J model sign conventionwhen the
apex level gets very loweg(y,e,S€p) and the effect of the
apicals changes the sign of'" (see above

With present uncertainties in the parameters for a multi-
band model, for the cuprates the possible breakdown of the
mapping to an effective single-band model remains an open
question, in particular for the more interesting case of hole

: P ; rhh ;
Beifrtzlf cnaen :t\i/\?giﬁhtﬁgaﬁrtehee-bsalm%g ﬂé(;()e\;vr;ﬂ?;mi 'ﬁt doping. If it doesbreak down, then a minimal model to de-
9 yneg ' g scribe the low-energy physics should contain Bistate in

not always be physically correct, since we see that it can

L 4 he model subspacg.e., the Hilbert space of the effective
become posltlve |.n.the five-band model when the effect 0t}—lamiltoniar). It is straightforward to do this in terms of
the apicals is sufficiently strong.

It should be clear from the discussion above that similarHUbbardX operators by including terms involving thi2

second-order corrections are induced to thied-neighbor states f?xpl_lmtly, Just;c b):jreta:jné]ng t?im ';' E((T;f'g)’ _resu!tln?
hopping £ [i.e., from (0,0) to (2.0), etc]. However, be- in aneffective two-band modelust like the effective single-
U s 0 ' S band model can be expressed in termgaffiective fermions
cause the two virtual first-order hops are now in the same ¢ : : .
i»» the inclusion of theB states may be represented simply

direction, the correction isegativehere. Since there is fur- ¢ ) ., . .
ther only one two-step path for this hopping process while®S @ New *band” of Fermi particles, created aj, . They are

there were two for the next-nearest-neighbor hop,to be distinguished from the in-plane oxygarorbitals, al-

St"h(B)=—15t’"(B)<0. The correction therefore adds though the new &a” particles carry locala; symmetry and

to, instead of opposes, that from the ER triplet for whichcould be considereefffectiveoxygena holes. They hybridize

SU'"N(TY=+1st'M(T)<0. Third-neighbor and next- with the “c” particles (which carry localb; symmetry. This

nearest-neighbor hopping parameters are actually Compg_eszcription is correct'proyided we impose the const'raints that

rable, and the present corrections are thus not insignificant® Cell may only contain either a zero-hole state particles,

In the case oklectron dopinghe relevant processes are & SPin(onec particlg, a ZR singlet(two c particles, or a

of the form|0,g,g)—|0,8,0)—|g,9,0). By the same argu- B s_tate(onec particle and one particle. If we are in the

ment as in the hole-doped case a net spin-independent hof29ime where we can further reduce the effective two-band

ping contribution results, and the correctiontt8® is model to a charge-spin model, then we obtain for an
electron-doped systejuast the usuat-t’-J model, but with
corrections to the parameters due to Ehstate. However, for

(4.3 the hole-doped caswe obtain the following two-band gen-

Eg+Eo—2E,’ eralization of thet-t'-J model:

, z(thog)Z
St'°%(B)=+2

1
two b
S DECERIEE S

ijo

+; tf}afoajavt; t2%a/,cjp+ cfgajU)JreaEi nd\ P, (4.4
(o g
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_+SggS __+BggB __+BggsS _

Wheretﬁ —tijgg ,-tf}—.tijgg y tﬁc—tijgg- y E?— EB_ES' and 150 . . .
P is now a projection operator which imposes the above
constraints. Note that the convention used here is that both 120 } -
c anda are holes with respect to a “full shell” vacuum. N

Over the last few years various two-band models have 90 “ ]
been proposéd=*° based on the consideration that orbitals g
different fromd, and p,/p,, such asd, andp,, could be = 60r N )
important. We emphasize that the mo@&H) proposed here 30 A
. . . . B A 1
is in fact derivedin a straightforward way by the cell ap-
proach from the rather general five-band model, permitting

o 1 1 1 A
its parameters to be calculated from the bare five-band pa- -0.10-0.05 0.00 0.05 0.10
rameters, for which rather reliable estimates are available, th
based upon the chemistry of the cuprates.

FIG. 9. Maximum critical temperaturgy' > vs t'/t for various

, max superconducting cuprates. Compounds included aSrCapOg

We now discuss the possible significance of the suppredTc =38 K), (Baysth3d2 aX(EUo.mCQ).se)z Cus Og 78 (Tc: Zi= 48
sion oft’ for the hole-doped cuprates, and in particular itsK) Y08C&.B2CUOs1; (T™=50 K), YBa,CUOgs (T ~ =60
dependence on the coupling of the Cu@lanes to the apical )» YB2CWO7 (Tc™=93 K), Bi;SpCa,eY0.1CU0g.24 (Tc™=93
oxygens. We should first point out that the appreciable redudy);,, T1B2CaCu0;  (Tc™=100 K}, PhysTlosSrCaCy0,
tion of |t’| due to the influence of thp, orbital precisely in (Tc™=110 K).
the cuprate regimgsee Fig. )] is in good agreement with B )
the results on band structure obtained by Grant and9h-Tc superconductivity occurs much more readily and
McMahari® in their Hartree-Fock plus configuration interac- "€@ches much higher critical temperatures in hole-doped than
tion calculations on clusters representing,Cai0,. They N electron-doped cuprates, then apparently the sigr of
found that the dispersion along the line connectingcrucial for superconductivity, negative being favorable,
(w/2,7/2) to (w,0) was strongly reduced by inclusion of positivet’ unfavorable. It is then temppr?g to speculate Fhat
apical p, orbitals, and that their inclusion was absolutely 8lS0 themagnitudeof t’ may have a decisive effect, resulting
essential for obtaining the weak dispersion observed & lowerT. ast’ is made “more electron like,” i.e., less
experimentally’® This concurs therefore with the present Negative for hole-doped systems. .
finding, since we know that in thet’-J model the magni- Since, as we have described above, the primary effect of

tude of that dispersion is largely governedtby because the ~apical oxygen on the parameters of the eﬁectt:\ée single-band
dispersion produced byyandJ alone is very small because Model is to make a positive correction 6™ (mainly

of correlation effectd”*’~**We therefore stipulate that the through theB state, then a stronger coupling of the apical
next-nearest-neighbor hopping parametérqualifies as the 0xygens to the Cu@ planes(either due to a lowes zpe, or
single parameter, which carries, the level of a single-band due to a larget, andt,, because of shorter copper-apex
description the information about crystal structure outside distancg should be detrimental to superconductivity if the

the CuQ;, planes and thudifferentiates between the various aforementioned theoretical speculations are correct. There is
cuprates. experimental evidence that this is indeed the case, in particu-

The role oft’ in thet-t’-J model has received some fur- lar the correlations between the critical temperature of vari-

ther attention recently, after it had been realized that it is aPus optimally doped materials on the one hand and the
least indispensable, as referred to above, for reproducing tf&oPper-apex bonding as estimated from the Cu bond valence
flat quasiparticle dispersion and shape of the Fermi surfacgunt® or the Madelung potential at the apical oxygeon
observed in the Cupratégwhich in turn are held responsib]e the other hand. Earlier theoretical work directly on the five-
for various(partly anomalousnormal-state propertied:5%4¢  band model has been directed towards translating these em-
Following early arguments by L&&it has been conjectured pirical correlations into a correlation with quantities more
that, although relatively smalt/ may have a significant in- directly related to the electronic structure of the GuO
fluence on the behavior of the model. In particular, Tohyama!anes, such as the stability of the ZR singletgpressed by
and Maekaw# have argued that the sign of is very im-  t (Ref. 27] or the occupation of,-symmetry orbital$®™*®
portant, this being a main distinguishing feature betweerYVe may look similarly by the present approach for a corre-
electron-doped materials, for whith is positive, and hole- lation with the next-nearest-neighbor hopping by plotting for
doped materials for which’ is generally negativ8® They various materials theexperimentally observed cT* (the
showed by exact diagonalization on finite clusters that in thénaximumT,, attained at the optimum doping vajueersus
low-doping regime antiferromagnetic spin correlations arethe calculated t/t. We have done so for the same ten repre-
stabilized fort’>0, whereas a rapid destabilization takessentative cuprate compounds as in Refs. 28 and 29, with
place fort’ <0. Further, it has since been shown by Goodingmaximum critical temperatures ranging from 0 to 110 K, for
et al> that both the spin distortions induced by doped car-Which the parameters can be reliably computed from the data
riers and the spatial distribution of the carriers are quite dif-compiled in Ref. 27. The result is shown in Fig. 9, and we do
ferent for opposite’. Obviously one would expect such dif- indeed see the expected trend with™ generally decreasing
ferences in behavior to affect any tendency towardswith increasingt’/t. We have verified that this result is ro-
superconductive pairing quite strongly. Since we know thabust by making similar plots for estimates ©f, (andt;,p)
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which are somewhat larger. While this gives quantitative dif-the Fermi surface pass through the saddle points. Conse-
ferences, these are small, and the general trend is essentiafjently thenTZ™ will depend critically ont’ (andt”, if

the same. Clearly, the present finding is compatible with thencluded, although the exact functional dependence, which
general claim¥~>*about the importance df, and in fact may also depend on the form of the pairing interaction, is at
indicates that therystal structureoutside the Cu@ planes  present unknown and is currently the subject of further in-
affects superconductivity vid.t vestigation. It is further clear that similar considerations must

The above result offers support for a scenario for high-yn5y for the Beenen-Edwards treatment of superconductiv-
T. superconductivity based upon thd’-J model (or the ity in the (t-t’-U) Hubbard modef®

Hubbard model with nearest and next-nearest-neighbor hop- So the following picture suggests itself. Frustrated motion

ping in which details _of_the _quaS|part|cIe dispersion of of carriers, reflected in a very flat quasiparticle dispersion
doped holes are quantitatively important. A noteworthy ex- : : L
. . N near the Fermi energy, is a prerequisite for the occurrence of
ample would be the “antiferromagnetic—Van Hove” model, | . " L
high-T. superconductivity. In the cuprates the frustration is

proposed recently by Dagotto, Nazarenko, and Mdreo, . . :
when properly extended to account explicitly for the effect Ofdue to the strong antiferromagnetic correlations of the back-

t’. In this model the antiferromagnetism of the cuprates isground sp|n§, gnd IS governed, in-&'-J model description,
made responsible not only for the Van Hove singularity inPY the effectivéntersublatticeparameters andJ. These are
the density of stategésee below but also for the pairing characteristic for than-planechemistry and geometry of the
interaction. A second example would be the recent theory ofUO> planes and do not vary significantly between different
d-wave superconductivity in the Hubbard model developedruprates. While the overall energy scale is now sed bthe
by Beenen and Edwartfsand based upon Roth’s procedure actual value ofT¢ ™ (and of §™) is, however, determined
for decoupling Green’s functions, again when extended tdy the effectiveintrasublatticeparametes) t’ (andt”). For
includet’. reasons of symmetry these depend mainly on diéof

To illustrate the point let us consider briefly the case ofplane chemistry and geometry, and can therefore have sig-
the t-t’-J model. It is by now well establishétr*°that the nificantly different values for different cuprate compounds.
quasiparticle dispersion of a single hole doped into the halfClearly, this scenario offers a plausible and simple explana-
filled antiferromagnetic insulator is then given accurately bytion why T{'®* can vary so widely among the various cu-

N prates, although there is hardly any variation in the geometry
E(k)=J[ acok,cok, + 7 B(cosX,+cosk,)]|, (5.1) of the CuO, planes.

showing that the hole, which in our present picture has e shouldhf#rther point out that the effect of the apicals
formed a ZR singlet, is forced to move within one magneticOf reducing|t’™| obtained here is perfectly compatible with
sublattice in order not to disturb the antiferromagnetic spirfh€ir effect of enhancing the occupation of orbitals af
background. On the assumption that this remains valid agymmetry found in Refs. 28,29. In those works it was shown
finite doping one arrives at the picture where doped mobild" the context of a slave-boson mean-field correlated band-
spin-up (spin-down holes move over the preexisting fixed Structure calculatioriperformed in the limit of an infinitely
spin-down(spin-up holes that make up the magnetic sublat-1arge Ug) that the apicals substantially increase the occupa-
tices. So doped holes of opposite spin remain spatially isoion of the in-plane oxygea;-symmetry orbitals while keep-
lated and go into two distinct bands with identical dispersioning their own occupation small. The corresponding effect in
given by Eq. (5.1). This has saddle points either at f[he present context of correlated ba}nds derived from local-
S=(*kg0), (0*xkg) where kg=m—arccose/B), if ized cell states is enhancirfgy lowering the energy of the
B>a, or at (w/2,m/2) if B<«, in either case producing a B statg the mixing betweers gnd B _bands. Th|s. can be
logarithmic Van Hove singularity in the density of states. InViewed as the first-order admixture into a ZR singlet at a
addition to the exact location of the saddle points also théarticular cell, ofB states at nearest-neighbor cells, which
flatness of the dispersion in their vicinity is determined byaccompanies the second-order correctt&mh.h(B). Since
the ratioa/. For the puret-J model (i.e., fort’ =0) one the resulting ef_fectlv_e ZR _smglet then involves some
hasa~ B~1 (see Refs. 47-49Upon introduction of’ into ~ &1-Symmetry orbitals, in particular the planar oxygaror-
the modela is replaced byr' = a+4t'/J, while adding also  bital via the componenti,a) and|ba), the occupation of

t” would similarly replace8 by B’ = g+ 8t"/J. Then those orbitals increases simultaneously with the decrease in
|tlhh|.
o' 1+4t'/] By contrast, in the present approach there is no reason to
5 1T8rrd (5.2 interpret this change in composition of the ZR singlet as a

decrease of its stability, as put forward in Ref. 27; neither do
and the location of the saddle points is seen to be largelwe find any change in induced by the apicals. It is only
determined by thentrasublattice hopping parameter(sj t when the single-band model breaks down that one could say
(andt”) rather than byt and/orJ. The same holds for the that the ZR singlets are no longer stable, in the sense that
flatness of the dispersion near the saddle points and thus ftiiey do not suffice to describe all doped holes since one has
the width of the Van Hove singularity. in addition also real hole occupation of tBeband. To de-

As for superconductivity it is clear that if this arises by scribe such a situation one has to resort to a two-band model
any BCS-like pairing mechanism, then the critical tempera-of the type given by4.4). As discussed in Sec. Ill, then the
ture attained at optimum dopirigs well as that doping value B band is expected to play also a significant role in charge
s jtself) must depend now oa’/B’, since quite generally transport, since @ state can move without disturbing the
To® will be reached at the doping concentration that makespins, in contrast to a ZR singlet. In this context it is remark-
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TABLE |. Wannier coefficients. Sité is the origin 0=(0,0); sitej is specified(in units of the Cu-Cu lattice parameter

0=(0,0) 1=(1,0) 2=(1,1) 3=(2,0) 4=(2,1) 5=(2,2)

u 0.95809 —0.14009 ~0.02351 ~0.01373 —0.00685 ~0.00327

v 0.72676 —0.27324 0.12207 ~0.06385 0.01737 0.01052

" 0.74587 ~0.17578 0.06179 ~0.07134 0.01703 0.00925

¢ 0.00000 0.25763 0.00000 0.03913 0.00886 0.00000
X 0.00000 0.13397 0.00000 —0.04056 0.03043 0.00000

able that LgSrCu,0Og, which does not become supercon- nificantly ont’, which would explain the variation of "
ducting, is quite close to the breakdown regime. This sugpetween different compounds.
gests that hight; superconductivity disappears once the |f the apicalp,-orbital energy becomes too low, then the
weakly correlated® band “short-circuits” the correlated ZR  gffective single-band model eventually breaks down. This
singlets, and that the single-band’-J model is adequate 10 gccurs when thd state gets close to, or even lower in en-
describe those cuprates that do superconduct, with the pgrgy than, the Zhang-Rice singlet, and it takes less energy to
rametert’ differentiating between different compounds. put a doped hole at the bottom of tBestate-derived band
than to create an extra ZR singlet. Such a situation cannot be
accounted for perturbatively since there is “real” occupation
VI. SUMMARY AND CONCLUSIONS of the B state. When this happens tBestate also becomes

In this paper we have shown that the effect of apical oxy-M0re mobile(its bandwidth increasgsdue primarily to ad-
gen may be incorporated into a cell-perturbation scheme foftixtures of base states involving holes on apical oxygen and
reduction to an effective single-band model, by including’" @ddition also in-plane oxygen holes @f symmetry. Un-

p, orbitals on apical oxygen andh,2_,2 orbitals on copper der such conditions the minimal model to describe the sys-
(five-band model Provided the apical oxygep, orbital is €M is an effective two-band model containing doped holes
not too low in energy the main effect is &uppress next- Whose motion is impeded by the spin backgroutite ZR
nearest-neighbor hopping of doped holé®., Zhang-Rice smgletg) and doped holes which are relatively unaffected. by
singlets, having little effect on nearest-neighbor hopping the spin backgroundhe B states. We have also found evi-
and superexchangéfor symmetry reasonsor on next- dence suggesting that superconductivity disappears when the
nearest-neighbor hopping of doped electrons. The effect igiNgle-band description becomes invalid. This picture is
primarily due to a two-hole cell state &, symmetry(the  a9ain consistent with the assertion that frustrated motion of
B staté being fairly low in energy compared to the ZR sin- carriers is essential for highs superconductivity, and that
glet. This leads to a rather large correctiont ¥, associated ~SUCh frustration is reduced by apical oxygen. Further study
with the virtual process by which a ZR singlet first makes a°f the proposed two-band model would be of considerable
nearest-neighbor hop and changes into the two-Botgate interest, since it could shed more light on this issue.

. 9 .
followed by a further nearest-neighbor hop in an orthogonal  Noté added in proofturther work® has since shown that
direction, changing back again into a ZR singlet. when symmetry considerations are taken into account, it is

H — 4! ” ’
In the context of the-t'-J model the reduction dt’| for more accurate to considér =t’ —2t” rather thart’ as the

hole-doped systems induced by the apical oxygens imp"egelevant parameter differentiating t_)etween.the cu_prates. This
that the apicals strongly reduce the amplitude of the disper?akes no difference for the physics and in particular does
sion from (7/2,7/2) to (m,0), in agreement with numerical not change in any way our CO”CIUSAS”S about the role of the
work®! and with photoemission experimefffswe have ar- @pical oxygens and their effect arg™.

gued thatat the level of the single-band description the in-

fluence of crystal structuran particular the differences be-

tween the various cuprateis, fully reflected in the variation ACKNOWLEDGMENTS
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proposed antiferromagnetic-Van Hove mddebr the
Beenen-Edwards theory afwave superconductivity in the
Hubbard modet® where frustration of carrier motion is
caused by the strong antiferromagnetism and is governed by
t andJ, which are basically in-plane parameters. We have The in-plane oxygen Wannier orbitals are defined by per-
argued that the actual value &' must then depend sig- forming the following transformation ik space,

APPENDIX A: WANNIER TRANSFORMATION
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bko': [ [Sx(k)px,ka_ Sy(k)py,ko]/ V Sx(k) + Sy(k):

o=~ isgr(kxky)[sy(k)px,ka+ sy(k) py,ka]/ \/S>2<(k) + 5)2/( k),

wheres, (k) =sink,/2) ands,(k)=sin(,/2), and then Fou-

R. RAIMONDI, J. H. JEFFERSON, AND L. F. FEINER

rier transforming back to real space. The phase factor
sgnkyk,) in (1.2), added compared with Ref. 57, enhances

the amplitude ofy; , on the oxygerp orbitals closest to the
Cu atom at site.

The Wannier coefficients for hoppingyi;, »ij, Ajj,
&, andy;; , resulting from this transformation are then ob-
tained from

(k)= s5(k) +s5(K), (A3)
v(k)=4s5(k)s{(K)/ u(K)?, (A4)
N(k)=2[s(K)sy(K)|/u(k), (A5)

53
(A1)
(A2)

|
&(k)=[s5(k)—sg(K)]/ w(k), (A6)
X(K)=2]s,(K)s,(K)|[s5(k) = s5(K) )/ w(K)?, (A7)

as the Fourier transform with respectRp—R; . The values
of these coefficients up to fifth neighbors are given in Table
1.% Recall that&; and x;; change sign whelR;—R; is re-
flected in the[11] or [11] direction, whilewi; , vj;, and\j;
are invariant under such a transformation. All coefficients are
invariant under reflection in the or y axis.

Similarly, the coefficientsp;;; and #y;; , relevant to the
Coulomb interactions considered in |, are obtained from

cog (Ky—k!)/2]sin(k,/2)sin(K./2) + (x—Y)

o(k,k")=2

p(k) (k") ’

(A8)

Sy(K)sy(K+q)sy(K")sy(k'—q) + (x—y)

p(k,K',q)=

as the double Fourier transform with respecRo-R, and
R—R; and the triple Fourier transform with respect to
R«—R;, Ri—R;, and R;—R;, respectively. Since
¢(k,k)=2 according to Eq.(A8), invoking the identity
(UN)z e *k - ) Ri=g, ., we obtain the sum rule

Z ¢n;=%§ e R-R)p(k,k)=25;. (A10)

A similar sum rule on thej; follows from Eg. (A9) ac-
cording to

1 o
2| i :sz ek - Ri=Ry(k,k’,0)

k,k'

S2(K)SA(K") + (x—y)
w(k)Zu(k’)?

:_122 ok (Ri—Rj)
NZ&

S2(k')+(x—Y)
p(k)?

N|
Z| -

2 elk - (Ri—R))
kV

(A11)

p(K)yp(k+a)u(k")u(k’—a) '

(A9)

APPENDIX B: INTRACELL HAMILTONIAN MATRICES

In the two-band model one has in each cell only the or-
bitalsd, , andb, . The states in eaah-hole sector are then
determined by the following intracell Hamiltonian matrices
(in the notation of I; to obtain them in the form relevant to
the present paper, replaeeby &, and 7 by 7,, and in addi-
tion setVy,=UL=0).

(0) Zero-hole states0), energyEq(=0).

(1) One-hole states: on the base stdtgs,) and|b,) the
Hamiltonian is

_ 7)
8_ )

yielding a ground-state doubldy,,)=cosf|d, ,)+siné|b,)
and an excited-state doublée,)= —sinf|d, ,)+cosdb,),
where  tan?=27/e,  with  energies Eg.=¢/2
FJ(e2)%+ 2.

(2|S) Two-hole states, singlet-sector: on the base states
|dxb>S:(|dx,Tbi>_|dx,LbT>)/\/§r |b;b), and|d, ;d ) the
Hamiltonian is

0

- T

h<1>=( (B1)

E+de —T\/E —T\/E
h@S9=| —7y2 2s+U, 0 |, (B2)
-2 0 Ug
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yielding eigenstatelS) (the generalized Zhang-Rice singlet g, —Ta  —Thy
|S’), and|S"). ,
(2IT) Two-hole states, triplet-sector: The base states htleo=| =7 e —mpp . (B3)
[dy 1by), (Idy b))+ |dx,le))/\/§, and|d, |b,) are the com- —Tpd —Tpp Eapex
ponents of the Emery-Reiter tripleffT,,), with energy
ET:8+de.

In the five-band model one has in addition the orbitals i i
d,,, a,, andp,,. Now the following additional subspaces (2/B;) Two-hole statesi,; symmetry, singlet and triplet
arise. ’ sectors: on the base stateh ,a,), |b,a, ), |dyo0z4),

(1la;) One-hole statesag symmetry: on the base states |b,d, /), |dy +P2.), and|b,p, /) the Hamiltonian is
|d, ), |a,), and|p, ) the Hamiltonian is

£a — T — T 0 ~Tpp 0
—Tp, &pte, 0 — Ty 0 —T"Jp
!
H2iBy) Ta 0 g,+ Uy Th Tod 0 84)
0 — T T &pte, O —Tpd
- TF’)p 0 - T‘/)d 0 € apex —Tp
—Tpp 0 ~Tpd  —Tb  EbT Eapex
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