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%e analyze in more detail a model which describes spins localized on the Cu sites and carriers
of oxygen character which has been proposed for high-temperature superconducting oxides by,
among others, Emery and Hirsch. This model is discussed in a more general framework of the
electronic structure of transition-metal compounds as has emerged from detailed electron-

spectroscopy studies. %e argue that the Emery model corresponds with the charge-transfer semi-

conductor in this electronic picture, Using canonical perturbation theory we analyze systematical-

ly the near-ground-state physics when holes are introduced into such a system. %e derive explicit
expressions for the carrier-spin, spin-spin, and carrier-carrier interactions which turn out to de-

pend in a nontrivial way on the electronic parameters, thereby creating a link between the high-

energy data and the macroscopic physics in these systems. %e 6nd that the dominant interac-
tions are the Kondo-like spin-carrier interactions which give rise to the well-known magnetic
semiconductor physics characterized by ferromagnetic correlations (spin polarons, double ex-
change). Using some simple 6nite models we discuss then the pairing mechanisms as proposed by
Emery and Hirsch. %e show that both of them are based on fourth-order attractive interactions.
These are, however, overruled by the second-order processes which favor the opposite behavior
and suppress the pairing. Our conclusion is that the charge degrees of freedom are essential in

the real high-temperature superconductors and we supply further evidence in favor of their
mixed-valence behavior.

L INwaoDUCwoN

Since the discovery' of the high-T, superconducting
oxides (HTSO) the suspicion has been growing that a new

pairing mechanism of electronic rather than of phonon na-
ture is at work. At the same time there are many indica-
tions pointing at rather strong electronic correlations in
these materials. For instance, it is well established that
the ground state of slightly oxygen-deficient LazCuOq-s
is antiferromagnetic, 3 while in the local density (LD)
band-structure picture the system is far from being mag-
netic. 4 Maybe the most direct evidence in favor of the
correlated nature of these compounds is the observation of
large core-line and valence-band satellites in the photo-
emission spectra. 5s The magnitude of those is unpre-
cedented for metallic transition-metal compounds. It is
generally accepted that these satellites originate from
strong repulsive Coulomb interactions between the "bare"
electrons. However, an exciting possibility is that these
repulsive interactions renormalize into attractive quasi-
particle interactions, which in turn are responsible for the
superconductivity.

Very recently several models have been proposed which
are suggestive in this respect. The resonating-valence-
bond (RVB) model of Anderson and co-workers is the
most famous one. It is assumed in this model, as well as
several related models, 'z that the electronic degrees of
freedom can be described by the one-band Hubbard Ham-
iltonian. How&ever, in the conventional Hubbard model

only the d degrees of freedom are taken into account. It is
then assumed that the other electronic degrees of freedom
(0 2p, TM 4s, where TM stands for a transition-metal
element) are at much higher energy and therefore can be
projected out. s' However, recent studies have shown
that this is, in general, not a good assumption for late 3d
compounds. ' These studies are based on photoemission'
(PES) and inverse photoemission's (IPES), core photo-
emission, ' x-ray absorption spectroscopy' (XAS), and
ultraviolet (uv) optical' data, which all probe the elec-
tronic structure in a more or less direct way. It has been
shown that this information can be understood in surpris-
ing detail, thereby quantifying our understanding of the
electronic structure of 3d compounds. The cornerstones
of this interpretational framework are on the one hand the
reasonable description derived from LD theory of many
facets of the electronic structure of these materials. On
the other hand, this scheme fails with respect to the
description of d or felectrons. It is known that this can be
improved by treating these electrons on a quasiatomic
footing, including multiplet interactions and a screened
atomic on-site Coulomb interaction U. These electrons
behave then as localized in contrast to the other charge
degrees of freedom which behave bandlike. This physical
situation is, in general, described by the Anderson-lattice
Hamiltonian. Following the LD band-structure results
for the HTSO, ' we may assume that only the Cu 3d, 2 y2
and 0 2p„&r) degrees of freedom are of relevance for the
low-energy properties of these systems. In the spirit of the
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preceding discussion, a realistic electronic model of the
HTSQ would be ~
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The operators di and ejt create holes in a d, ~ „2 orbital
on Cu site i and in a p„(„)orbital on Q site j, respectively.
We include in (1.1) the d-p (Vij) and p-p (tj,') hopping
as suggested by the band structure, 4'9 and in addition to
that we include a term describing the on-site repulsion U
between the d electrons. This Hamiltonian is just a tight-
binding formulation of the spin-degenerate Anderson lat-
tice Hamiltonian.

Under the neglect of the d-dispersional width (impurity
model), the physics contained in the Hamiltonian (1.1)
for arbitrary degeneracy has been systemized recently. 24

The key parameters are the Coulomb interaction U and
the charge-transfer energy 5 eL, -ed. The latter is the
energy cost of transferring a hole from the Cu site to the
0 site (ds d'0L). As a function of U and 5 we en-
counter a number of different situations (see Fig. 1). If
5» U, the 2p degrees of freedom can be projected out and
it can be shown that we end up with an effective one-band
Hubbard Hamiltonian with transfer integrals of -V2/h.
On the other hand, if 6« U, the conduction band still cor-
responds to the upper Hubbard band but the valence band
is of Q 2p character while the lower Hubbard band is ly-
ing below the bottom of this valence band (see Fig. 2). In
this case we have a charge-transfer correlation gap of
magnitude proportional to h (i.e., charge-transfer semi-
conductor). For h=U the situation is more complicated
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FIG. 1. Schematic phase diagram for transition-metal com-

pounds, indicating the various sorts of metals [mixed-valence
(MV) and Brinkman-Rice (BR)I and insulators [charge-
transfer (CT) and Mott-Hubbard (MH)). The canonical per-
turbation theory may be used in CT and MH regimes, while it
breaks down in the intermediate (I) regime.
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FIG. 2. Schematic representation of the various subbands in

a doped charge-transfer semiconductor. A partial filling of the
d L subband up to the Fermi energy Ep is assumed.

because the lower Hubbard band and the p band are
strongly mixed (intermediate regime). Finally, if 5 (in
case of U & 6) or U (for U & 5) becomes of the order of
the relevant bandwidth, we enter metallic regimes of ei-
ther mixed-valence (small 6) or Brinkman-Rice25 (small
U) nature.

By analyzing the accessible spectroscopic data of the
HTSO, Fuggle et al. ~s came to the conclusion that these
compounds are, in any case, in the regime of U & 6 (see
also Ref. 27). Maybe the most straightforward evidence
for this are the resonant photoemission data of Kurtz
et al , 2s where .a satellite feature is resolved well below the
bottom of the valence band showing clearly the resonant
behavior of a multiplet split d (lower Hubbard) band. In
this way the direct use of the Hubbard Hamiltonian is ex-
cluded. We then have two possibilities for the general na-
ture of the electronic structure of the HTSO's. Either
they have a correlation gap and they belong to the class of
charge-transfer semiconductors, or 5 is too small and we
are dealing with mixed-valence itinerant systems.

Because the d-charge degrees of freedom are frozen in
if we consider the valence band of the charge-transfer
semiconductor, it is clear that this system can be described
effectively as having localized spins at the Cu sites and p
hole (resulting, e.g., from doping of La2Cu04 with Sr).
Recently, there have been proposals by Emeryz and
Hirrsch ' for electronic pairing mechanisms within this
picture. However, there is no systematic attempt in these
papers to distangle the various interactions and their rela-
tive magnitude starting from an electronic Hamiltonian
like (1.1). This question is, in fact, of crucial importance
for the validity of the proposed pairing mechanisms and is
addressed in this paper. For that purpose we generalize
the canonical perturbation theory (CPT) of Chao, Spakek,
and Oles (CSO), which has been developed for the
Hubbard Hamiltonian, to the Anderson lattice (Sec. II).
We note that with the CSO method the RVB Hamiltoni-
an ' ' was derived from the Hubbard Hamiltonian.

In Sec. III we analyze the second-order (in Vj) contri-
butions and we show that these terms produce an s-d-like
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Hamiltonian. However, it turns out that this Hamiltonian
has a richer physical content than the phenomenological
Hamiltonians usually used in the studies of magnetic
semiconductors and, in fact, these results are more in line
with the picture obtained from the Anderson impurity
Hamiltonian. In Sec. IV we derive explicit expressions for
Emery*szo fourth-order carrier-carrier interactions. These
are indeed attractive but we show that they give only a
minor correction in the whole parameter range to the
repulsive interactions originating from the secondwrder
terms which are overlooked by Emery. In Sec. V we
derive a new expression for the spin-spin (superexchange)
interaction and we show that this is always considerably
smaller than the second-order spin-carrier interactions,
thereby excluding Hirsch's mechanism. 2'

From these findings we conclude (in Sec. VI) that a
charge-transfer (or magnetic) semiconductor is not a very
likely environment for superconducting correlations, and
we give some other arguments in favor of the mixed-
valence picture.

II. CANOMCAL PKRTURSATION THEORY:
FORMALISM

From the preceding discussion it may be clear that the
electronic Hamiltonian (1.1) can be simplified using per-
turbation theory as long as the following conditions hold:

—&&1,V V V «1.
U

' U-a (2.1)

The first two criteria are equivalent to having a correla-
tion gap while the third criterion shows that the perturba-
tion theory cannot be carried through in the intermediate
regime. The Hamiltonian (1.1) is nothing else than the
spin-degenerate Anderson lattice Hamiltonian in a tight-
binding formulation, and the perturbation theory we look
for is just the lattice generalization of the Schrieffer-Wolff
transformation. Although we are not aware of any at-
tempt into this direction in the literature, this task is easily
accomplished by using the formalism developed by CSO
for the Hubbard Hamiltonian ' some time ago.

In the method of CSO one introduces projection opera-
tors which project on the different degenerate subbands,
in the case of the Hubbard Hamiltonian having no, one,
two, etc., doubly occupied sites at energies 0, U, 2U, etc.
The Hamiltonian describing these projected subbands acts
as zeroth order, including intrasubband hopping, and the
intersubband hopping is then treated in perturbation
theory. It has been shown3o that by neglecting the width
of the subbands compared to the intersubband splitting
(U), the formalism is greatly simplified ending up with a
perturbation expansion which is basicall~ similar to the
single-impurity canonical transformation.

Our goal is to derive an effective Hamiltonian from Eq.
(1.1) which describes the physics of the doped charge-
transfer semiconductor (see Fig. 2). The only accessible
charge degrees of freedom are the ligand holes while in
zeroth order the d holes are frozen. We therefore intro-
duce the projection operator

P) -Qnd; (2.2)

0 X 0 0 X 0

Q X Q 0 X 0

0 X 0 0 X 0

FIG. 3. The toro channels leading to the dynamics of carriers
by its coupling to local spins: (a) 1/d process; (b) 1/(U —4)
process. Crosses and circles stand for Cu and 0 atoms, respec-
tively. Only the carrier-spin conserving processes are indicated.

with n~; np;1+A;t -2np;lnq;t, which projects on the sub-
space with one hole located on each Cu site (i). In zeroth
order the charge-transfer subband refers to the nonin-
teracting hgand holes

HQ P)HP) sL+nj + g l "cjoy~' . (2.3)
Jo' jy5j',~

We note that P~ (and the projections which follow) does
not refer to the number of ligand holes present, and as
such it describes both the ground state and the system
with an arbitrary number of holes.

The next subbands of interest are the "lower'*
(d" d" ') and "upper" (d" d"+') Hubbard bands
(see Fig. 2). These refer to situations with one doubly oc-
cupied (with holes) Cu site and to one unoccupied Cu site,
respectively, with all the other Cu sites being singly occu-
pied. The relevant projection operators are

Po-g Qng; n„. ,

(2.4)
gi ~di 't +di ')l, l Al

with ng; (1 nd; l
—)(1-ng; 1 ) Po . describes the d"

d"+' higher-energy subband at Eo d„and P2 de-
scribes the lower-energy subband at E2 U-d (see Fig.
2).

It is clear that the P~ band is connected to the Po as
well as to the P2 band by a single d-p hopping process In.
this situation one may use Eq. (25) of CSO, and one
finds for the second-order contribution

H,Q ~ ——P)H)PoH)P) — P)H)P2H)P( . (2.5)( 1

U-6
We will show explicitly in the next section how H,P de-
scribes the interaction between the localized Cu spins and
the ligand holes. As for the single impurity32 this interac-



9426 JAN ZAANEN AND ANDRZEJ M. OLES 37

tion can arise through an intermediate state of a Cu site being either empty (first term, "1/6 process") or doubly occu-
pied [second term, "1/(U —6) process"], as shown schematically in Fig. 3. We note that the assumption crucial to the
use of C$0 perturbation theory is the narrowness of the d" ' and d"+' subbands [with widths of —V2/(U —d, ) and
—V /6] compared to the intersubband splittings (being U —6 and b„respectively). For the next relevant (fourth) order
we have to introduce additional subbands

00 A di di'&dg" ~02 &di di'~di "t&dg "t ~22 di di't dg ')~di "t~dj")
i 'Wi, i Wi ',i i '&i,iwi', i i +i,l P i, i

(2.6)

where Poo refers to having two unoccupied Cu sites (at Eoo 2LL), PQ2 to one unoccupied and one doubly occupied Cu site
(at EQ2 U), and P22 to two doubly occupied Cu sites [at E22 2(U —h, )]. Using again Eq. (25) of Ref. 30, we find then
the fourth-order contributions

with

H,'g -H$P+H@'+H(P, (2.7)
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(2.10)
In Eq. (2.6) we separated the fourth-order contributions in three different groups. As we will show in $ec. IV, the terms
gathered in HPP will give rise, among others, to the spin-mediated carrier-carrier interactions as postulated by Emery.
H@f will be shown in $ec. V to give rise to the spin-spin (superexchange) interactions, at least in the absence of carriers.
The remaining term, H]P, stands for different kinds of coupling between the carriers and localized spins which do not
reduce to the former ones. We give in the Appendix general expressions for all the interactions contained in Eqs.
(2.8)-(2.10) in terms of p holes and d pseudofermions.

III. SECOND&RDER IIVTKRACI IONS: SPIN CARRIER

From the analogy with the single-impurity problem it can be directly inferred that the second-order correction to H,P
will lead to effective spin-carrier interactions. As can be seen from Eq. (2.4) and Fig. 3, these interactions are driven by
two qualitatively different channels. In the first, the Cu spin hops away to an 0 site (Po) and the Cu site is subsequently
refilled by either the same hole which renormalizes the ground-state energy, or. by a different hole giving rise to a spin-
carrier interaction [Fig. 3(a)]. The probability of this process is inversely proportional to the charge-transfer energy h.
Hence we call these processes I/5 ones. On the other hand, we have the process indicated in Fig. 3(b), where the carrier
hops onto an already occupied Cu site and generates a doubly occupied intermediate state (P2) at energy U —h. The
la«er process will be called 1/(U —A). It is rather straightforward to get an explicit form of Eq. (2.5) which is

(2) % iJ jiHel' ~ +W + Vjlvgj'[Sf(cj fcj'f cjJcj'J)+Sf cjJcj'f+Sl cjfcj'J]V J J

+ g ——— v, v .cf.c,1 1 1

~ - 2 h, U —4ijj 'cr
(3.1)

The 6rst term in Eq. (3.1) refers to the (irrelevant) renormalization of the ground state, the second term is a tight-
binding formulation of the Kondo-lattice Hamiltonian, and, finally, we have an additional spin-independent p-p hopping
term. It is of interest to observe that the Kondo term in Eq. (3.1) involves the sum, while the hopping term involves the
difference between I/6 and 1/(U —d ). In order to understand the significance of this, it is instructive to rewrite Eq. (3.1)
in terms of particle operators
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where nd; (1 —nq; )n~; . From this expression it can
be seen that although both channels give the same result
for the spin-flip terms, this is not true for the carrier-spin
conserving terms. One observes that the I/6 process is
only possible for aligned carrier spin and localized spin,
while for the 1/(U —5) process an antiparallel alignment
is required. This is evident from Fig. 3. For non-spin-flip
processes it is required that the "initial" and "final" car-
rier spins are the same and the only possibilities are then
the ones indicated in the figure. The negative sign af the
1/(U-6) term follows from the Fermi statistics due to
the reversed order of holes in the lattice after the con-
sidered second-order process.

In the study of magnetic semiconductors such as the Eu
chalcogenidess3 or semimagnetic semiconductors, one
usually assumes a Hamiltonian of a similar form to that
given by Eqs. (3.1) and (3.2). However, our results sug-
gest that the description of these systems may be consider-
ably refined. First, we note that a tight-binding descrip-
tion is more appropriate for relatively ionic systems. This
introduces a strong k dependence of the coupling con-
stants as can be inferred from Eqs. (3.1) and (3.2). This
k dependence is a natural consequence of the exchange in-
teraction taking place between the localized spins and the
Bloch waves in a crystal and not with the plane-wave-like

I

electronic states. ' Second, the scattering is found to be
different for the parallel and antiparallel alignment of car-
rier and local spin for the considered kinetic exchange
mechanism, as is particularly evident from Eq. (3.2). We
expect that these points are af a more general significance.
Strictly speaking, the exchange we find is antiferromag-
netic (AF) [Eq. (3.1)j. This is characteristic of the spin-
degenerate case we study here and is not in conflict with
the ferroma netic exchange found in, e.g., the Eu chal-
cogenides. ' Besides the exclusively ferromagnetic
direct p-d (or d-f) exchange which is expected to be rela-
tively important in 4f systems, it is very possible that the
kinetic exchange mechanism gives rise to a ferromagnetic
coupling if we consider higher degeneracies. This is
currently under investigation.

In arder ta gain some more insight into the nature of
the electronic states which follow from HQ, we have con-
sidered a simple linear chain consisting of alternating p
orbitals and spins localized in d orbitals (see Fig. 4). In
H,P we include nearest-neighbor p-p hopping of magni-
tude t which gives the dispersion of the carrier states sk.
The p and d states interact due to the nearest-neighbor
hybridization V [see Eq. (1.1)]. The resulting effective
Hamiltonian may be written as follows:

2

Heff He@+Heir 'X&knkii 2 +~I(4k, q)(nitqfckfck+qf+nitqjckjck+qj+Sq cpjck+qf+Sq ckfck+qj)
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+gJ(U a;ktq)( -npqjckfck-+qf npqfckjck+qj+Sq ckjck+qf+Sq ckfck+qj)t +
kq

(3.3)

where we defined

8k ~ 2t cask

1 ~ 5
ngz~ —~ng«e

t

given by

2VEF(k, t) (1 —cosk) -2t cosk,

2V
EF(k, i ) — (1 —cosk) 2t cosk . —

U —a

(3.6)
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Vz

XVH.,V) -pm, (k, &).„+E,(k,»;ji-2, (3.5)

with the dispersion relations for the two spin directions

The first approximation to the solution of Eq. (3.3) is the
mean-field (or Zener) approximation where one neglects
the spin-flip terms. This is expected to be a good approxi-
mation in the weak-coupling regime (t »J). '36 Assum-
ing a ferromagnetic alignment for the localized spins, we
have only to consider q 0 and it follows (ngq-Of 1,
niiq ~oj 0)

These carrier subbands are presented in Fig. 4(a) for
t 0. In this case we have a majority spin band of anti-
bonding character (with respect to holes) and of width
equal to 4V2/b, . On the other hand, the minority spin
band disperses downwards and has a width of
4V /(U —LL). The one-particle calculation is exact for the
majority spin band, and it is easy to see that this band
coincides in our calculation with the antibonding band
found if (1.1) is treated up to second order in V for U 0.
On the other hand, the down-curving U —5 band is a
many-body feature. This is the lattice generalization of
the bound state appearing below the ligand band if U was
lowered with respect to 6 in the impurity theory for
transition-metal compounds. Although our mean-field
approximation gives only qualitative information about
electronic states, it is expected that the general features
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will survive if the spin-fiip terms are included (see, e.g.,
Ref. 38). However, we see that the asymmetry between

the minority and majority bands is certainly beyond the
reach of the usual magnetic semiconductor models where

a single (in our case AF) spin-carrier coupling constant is

assumed. For comparison we show as well the bands ob-
tained at the presence of large hopping t in Fig. 4(b). As
can be seen, in this specific case the free-carrier dispersion
simply adds to the dispersions shown in Fig. 4(a) and the
qualitative picture remains similar.

I

Another interesting case to consider is the one with an-
tiferromagnetically ordered local spins. Taking q tr/2

(ttqv -~tz ~ —,
' ), we find

H ff(AF ) g [E~F(+,k ) +EAF ( —,k )]nk
Ngv

kcr

(3.7)

with N~ referring to the number of AF unit cells, k
defined in the AF Brillouin zone, and

EAF(+. ,k) -V 2 1

\

ik
1 ~ y2 e

U —a
1

U —6 +2t cos—
2

-ik '12
1 k+2t cos—

U —I, 2

(3.8)

This result may be again interpreted by first neglecting t, in which case Eq. (3.8) reduces to

EpF(~, k) V
1

- i/2
2cosk

~(U-~) (3.9)
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m/2
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m/2 0 m/2

FIG. 4. Bands obtained in the mean-6eld approximation for
the spin-carrier interaction in the indicated one-dimensional
Cu-0 model. Upper part assuming a ferromagnetic spin-lattice:
(a) without and (b) with direct p-p overlap t, respectively.
Solid (dashed) lines represent majority (minority) spin in a fold-
ed Brillouin zone. (c) and (d) the same for the antiferromagnet.
Dotted lines indicate the reference energy and J& V lh,
J2 V /(U —5).

If either V/5 or V/(U —6) goes to zero, two dispersionless
bands are found at 0 and —2Vz/(U —5) or 2V2/6, re-
spectively. The reason for this localization is immediately
clear from Eq. (3.2). If the carrier spin has the proper
orientation to hop over a particular spin, the neighboring
spins have the opposite orientation and, therefore, the car-
rier is trapped between them. If, however, both V/6 and
V/(U-A) are finite, the carrier is propagating and the
dispersions of the two bands are indicated in Fig. 4(c).
We see that the bottom of the band is located at
—2V /(U —6), while for the ferromagnet we found this

quantity to be -4V2/(U-A). We see that on the mean-

field level the carrier can decrease its energy considerably

by polarizing the spin lattice ferromagnetically. There-
fore, despite the complications arising from the two types
of processes and the k dependences, the cornerstones of
the magnetic semiconductor picture, namely spin pola-
rons~ and double exchange in antiferromagnets, ~ are
unaltered in the mean-field picture.

In Fig. 4(d) we show a more relatistic example using a
large, positive t From this. figure we can get some impres-
sion about the complexities arising from a k-dependent J.
As can be inferred from Eq. (3.8), the bottom of the band
moves in any case from the X to the I point if
2t )Vz[1/5 —1/(U —5)]. We find that the lowest ener-

gy state for the carrier is now at V [—I/5+ 1/
(U —5)]—2t. This means that for I/6) 3/(U —5) one
finds even AF double exchange, at least on the mean-field
level.

It is expected that the influence of spin-flip processes
(quantum fiuctuations) is particularly significant for small

spin. Zhang and Rice suggested recently a one-step re-
normalization procedure by which the Hamiltonian Eq.
(3.1) may be mapped on a RUB (Hubbard) Hamiltonian.
In the first step of this procedure one constructs
(nonorthogonal) Wannier orbitals out of the p states
which are largely localized on the four oxygen ions sur-

rounding each copper ion. Solving Eq. (3.1) for an oxy-
gen hole localized in this way, coupled to a Cu spin, one
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finds a singlet ground state and triplet and nonbonding ex-
cited states. Zhang and Rice show then that the splittings
between these localized states are much larger than the
matrix elements connecting such states on different sites.
This finding suggests that the internal electronic structure
of the Cu04 squares can be neglectel. One associates a
local singlet state with each oxygen hole and this singlet
hops around in the lattice formed by the Cu spins, as de-
scribed by the RVB Hamiltonian.

These ideas can be illustrated using the small cluster in-
dicated in Fig. 5, which can be easily solved exactly. For
the localized spins we introduce the basis

0

IQ) ( l1 2;m ~) &

ID2&(I1 2, mt)&

W

I1'2', Tt»
~

4V /(U-a)

xf',

+ ~ +

I To& (I 1+2 &+ I 1 2+&)/&2, etc.
(3.io) IDi&

0%0%

l2V (~ ' 0 ~)

The carrier wave functions for the considered cluster are
(k-0,~)

c( (c( +cj )/K2, ct (c( -cj )/J2 . (3.11)

FIG, 5. Energy levels for the cluster consisting of two unit
cells, indicated in the inset. Exact eigenstates are compared
~ith the mean-6eld results.

E(D1)
-6V 2V~
U-a

E(D2) 2V
1 1

U-4
In the mean-field model we found

(3.i3)

E,(Ii'2', f&)-

4V
EMF( I 1 2 &l&)

EMF(I 1+2;xf&) 2V 2 1

(3.i4)

From comparing Eqs. (3.13)-(3.14) it is seen that the
ground-state energy is considerably lowered by the in-

clusion of the transverse spin fiuctuations. Further, from

Eq. (3.12) it is found that the local spin correlation
(S,~S,z& is lowered from —,

' in the mean-field ground state
to 6 in the I D~& wave function. This can be understood
to be a consequence of the local singlet formation. In fact,
the Zhang-Rice construction turns out to be exact for this

Inserting Eqs. (3.10)-(3.11) into Eqs. (3.3)-(3.4), it is
found that the k 0 carrier is nonbonding with respect to
the spin system and we end up with a Hamiltonian which

can be solved easily. The energies of the cluster with one

charge carrier are shown schematically in Fig. 5. Besides
the eightfold degenerate k 0 state, we have the quartet
(Q) and doublet (D„)eigenstates

Ia&=IT; f&,

I D)& = (%2I T)'x)& I
Tp'n'f &)lv5, (3.12)

ID,&=Is; f&,

with energies

4VE(g) 4V

case, which is an artifact of this cluster. For the local
singlet wave functions we write

Iys & (II+K)&- I 1 Kf&),
2

(3.i5)

Iys, &- ' (I2'x»- I2-zf&),

and the linear combination

I(II'&- (-
I e 2'&+

I I 'e») (3.16)

gives just ID~&.
Despite its elegance this quasiparticle concept may be

to a certain extent misleading. A first criticism relates to
the neglect of the p-p hopping (t). As we pointed out, if
the intrinsic oxygen bandwidth is much larger than the
spin-carrier interactions, the mean-field picture should be
essentially correct. There is abundant evidence that
localMensity calculations yield good estimates for transfer
integrals. According to tight-binding fits to the linear
augmented-plane-wave (LAP%) bands, + as well as re-
sults of first-principle tight-binding linear mu5n-tin-
orbital (LMTO) calculations, ' V=1.2 eV and t=0.5
eV. Observing that each oxygen has two Cu atoms as
nearest neighbors and four 0 atoms as next-nearest neigh-
bors, as well as taking into account the condition that
Vz/6, etc., & 1 eV, which has to be satisfied in order to
have a meaningful localized picture, it is expected that the
real systems are closer to the mean-field picture than to
the limit considered by Zhang and Rice.

A second criticism relates to the Zhang-Rice procedure
itself. Although it is true that the local splittings are
much larger than the matrix elements for intercluster ex-
citation, there is a very large phase space for the latter.
Although each excitation separately can be handled by
perturbation theory, all these separate contributions can
add up to quite a large correction. This is a known caveat
of real-space renormalization-group techniques and pre-
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liminary calculations indicate that the Zhang-Rice con-
struction is also troubled in this way. Calculations along
these lines are in progress. 0 X 0 0 X 0

IV. FOURTH ORDER: CARRIER-CARRIER
IIVTERAC&1ONS OF EMERY'S MECHANISM

Very recently, Emery pointed out that effective at-
tractive interactions arise between the carriers in fourth
order in V. In this section we will quantify these interac-
tions using the canonical perturbation theory, and subse-
quently show that these interactions are small (fourth-
order) corrections to the strongly repulsive carrier-carrier
interactions arising from the second-order terms. The
physical origin of these fourth-order interactions is analo-
gous to the origin of spin-spin superexchange (see also, the
next section), i.e., it is a kinetic mechanism. This is illus-
trated in Fig. 6, where it is seen that the wave function of
two carriers can spread out further for antiparallel-
aligned carrier spins than when the spins are aligned in
parallel. This gives rise to the energy lowering of the
former state as compared to the latter.

From the figure it may be clear that this interaction can
arise only when a single local spin site is involved. This
implies that we can limit the search for these interactions
to the terms collected in Hcc [Eq. (2.8)] containing only a
single local spin site. Consequently, we write Eqs.
(Al)-(A3) for i i' As .a result, we find Kondo-like
terms (spin-carrier), carrier-carrier terms, and spin-
carrier-carrier ones. The carrier-carrier terms may be
written as follows:

0 X 0 0 X 0

0 X 0 0 X 0

0 X 0
'I P

0 X 0

1I

0 X 0 0 X 0

(b)
FIG. 6. Examples of processes giving rise to local, spin-

mediated carrier-carrier interactions in fourth-order CPT origi-
nating from the (a) 1/h and (b) 1/(U —6) mechanism.

(VJEVlj) 5 f1j1 j+f~ Vj VjVJ V,j(rlj'f1lJ 1+cjtfc&'.fcjfcjf+cj fcj fcj'fcjf)t
iJ i j&j

+ g Vj V~j Vj V ( llj f c 1 c ( +1lJ1cJ f cj f +cJ1cj 1
cjfcj 1

+cjfcj 1cj 1cJ
r t . t

ijAj 'Aj"

+CJ)CJ fCJfCJ)+CJ)CJf J f J
t (4.1)

with

Jcc-
3

2 + 2 +
U —d h(U —6) 6 (U-&)

1 i 3

(4.2)

As it may be seen, attractive interactions between the carriers are found. These interactions are taking place eithe«n
one site or they couple two or three (nearest-neighbor) sites (keeping all four sites different produces three-body t™s).
~e also notice that their strength (Jcc) is dependent in a symmetric way on U —& and &, indicating that the two in-
volved processes are contributing to the carrier-carrier interactions in a similar way.

Let us consider as an example a linear chain with nearest-neighbor p-d hopping introduced in the preceding section.
One obtains then for the interactions in k space (Jcc JccV )

Hcc —2Jcc—~ [[I+cos(q)]ckfck fck +qfck —qf+cos(q)ckfck'tck+qfck' —qf+cos(k k ) kfc —k'1 —k'+qfck —qf»
t t

N kZq

(4.3)

H~„, —4Jcc—g [1+cos(k)cos(k')]
kk'

X CkfC —k)C —k')Ck'f
t (4.4)

This would correspond to a k-dependent pairing interac-
tion of the form

I

Assuming now, as Emery does, that the second-order
terms produce just a single-particle band with a renormal-
ized width, one would indeed get a high-T, superconduc-
tor. However, we have seen in the preceding section that
these second-order interactions do not reduce to a simple
band renormalization but, in fact, produce complicated
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dynamics. It is important to note that in the regime of va-

lidity of the perturbation theory, the fourth-order terms
are going to be overruled by the second-order ones. From
the discussion in the preceding section it is clear that the
second-order spin-carrier interactions suppress strongly on
site singlet correlations between the carriers.

In order to demonstrate this point in more detail, let us
consider the finite-size ring introduced in Sec. 111. From
Eqs. (4.4) and (3.11) it follows that

Hcc 4Jcc(rloirlo[+rt ~rl i) (4.5)

The presence of a short-range attractive interaction be-
tween the carriers may be tested with the quantity

Ecc EQ(2) —2EQ(1), (4.6)

E( [ spin;0 f 0)&)-—4JCC,

E( ) spin;xf xj)) 4V 1 1

U —a
—4Jcc .

(4.7)

As a result, we end up with

Ecc

4 V
3 1+——Jcc, if U) 2d,U-6

4 2V
1 +——Jcc, otherwise .

U —5

(4.8)

where Eo(1) and Eo(2) are the ground-state energies of
the cluster containing one and two carriers, respectively.
If Ecc becomes negative, attractive carrier-carrier in-

teraction is present. According to Eq. (3.14), Eo(1)
E(D~). With two carriers in a single cluster one has

states (O, ir) which are at the same energy as the single-
carrier states with only a x electron, and we will therefore
find Ecc(0,x) )0. Furthermore, we have the states with

two 0 or two n electrons, and these have the energies

0

b/V

12

FIG. 8. The same as in Fig. 7, but no~ showing only the
effect of the secondwrder terms EQ/V.

In order to have a reasonably well converged result we
should require QV» 3 and (U-6)/V» 3 (see also the
next section). The results for Egc in this parameter range
are presented in Fig. 7. It is found that Et..c is positive for
all values of U and d„which indicates that the carriers al-
wa s repel each other. In Fig. 8 we show the quantity
E P where we only take into account the second-order
contributions contained in Eq. (4.8). The comparison of
these figures shows that the fourth-order contributions are
of minor importance in the regime where the expansion is
expected to be well behaved.

The underlying physical picture is straightforward. On
the mean-field level, each carrier on its own causes a fer-
romagnetic polarization cloud in the spin lattice. If the
carriers have opposite spins, these polarization clouds
have opposite polarizations, which results in a strong
short-range repulsive interaction. This interaction is fur-
ther increased by the transverse spin fluctuation because
the carriers restrict each other's fluctuation phase space.
The terms such as (4.1) are then a small correction to the
leading contributions.

In conclusion, we have shown in this section that
Emery's proposal2o is characterized by the same patholo-

gy as many of the proposals based on the Hubbard
Hamiltonian. s " By making a mean-field approxima-
tion in the leading order, one masks strong nearest-
neighbor repulsive interactions. The higher-order attrac-
tive processes are only a correction to those, and cannot be
thus responsible for the pairing.

12 V. SPIN%PIN INTKRACFIONS
AND HIRSCH'S MECHANISM

F16. 7. Effective carrier-carrier repulsion energy Ecc/V in a
smail cluster including the second-order terms and Emery's in-
teractions.

It is a well-established fact that the low-temperature
properties of magnetic insulators can be described by a
spin-only (Heisenberg) Hamiltonian in the absence of
carriers. The spin-spin interaction is usually AF, and An-
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derson already showed long ago ' that this interaction
has a kinetic origin (superexchange). By considering a
three-site cluster he derived the famous expression
Jss —2b /Uwith (in our notation) b V /h. However,
this expression is only valid in the "Mott-Hubbard"
(MH) regime (i.e., if 6» U, as shown in Fig. 1), and only
much later Anderson's procedure was generalized to in-
clude also the charge-transfer and intermediate regimes.
For the spin-degenerate Anderson lattice it is then found
that

H 2Jss(C1) ZS"S +i,

x 0 x

x 0 x

X 0 X

X 0 X

with

V 2 2Jss(CI ) —+-
U

(S.l)

x 0 x x 0 x

Using this formula together with estimates for V, 5, and U
derived from spectroscopic data, Zaanen and Sawatzky
showed that the trends in the Neel temperatures of the 3d
monoxides can be fully reproduced, thereby solving a
long-standing quantitative problem with Anderson's
theory.

CSO already showed for the Hubbard Hamiltonian and
Anderson's superexchange, that the canonical perturba-
tion theory can be used to derive the spin-spin Hamiltoni-
an in an elegant way. 9 In this section we will derive an
expression for the spin-only interactions valid for (un-
doped) charge-transfer semiconductors.

It is obvious that the spin-spin interactions arise for the
first time in fourth order, and in the absence of carriers
only two processes are relevant. They are indicated in
Figs. 9(a) and 9(b) as corresponding to the first and
second terms in Eq. (2.8), respectively. We note that the
first process is present independently of the value of U,
while the second one vanishes for U —5 ~ [see also Eq.
(5.1)).

In the absence of carriers we find from Eqs. (2.8),
(A6), and (A7)

H@'-H~("+Hsts',

x 0 x x 0 x

x 0 x X 0 X

I', a,'I
I', b,'I

FIG. 9. The two fourth-order channels giving rise to spin-spin
superexchange in CPT: (a) charge transfer only (1/5); (b)
charge-transfer (I/6) and 1/(U —5) processes.

with

J (CPT) V 2+ 1 3U —4
2 (U-~)' (5.3)

Comparing Eqs. (5.3) and (5.1), it is seen that the ex-
change constant found from CPT is quite different from
the one derived using a Rayleigh-Schrodinger expansion
for a three-site cluster. In order to quantify matters we
compare in Fig. 10 the singlet-triplet splitting EsT for two
spins, derived from Eqs. (5.1) and (5.3), with the result of
the exact electronic calculation for the three-site cluster.
As it may be seen in Fig. 10, the Jss(CI) and Jss(CPT)
behave very similarly as long as U —6 is large. If U —4
becomes small, however, the CPT starts to break down.
This is, of course, not surprising and the Rayleigh-
Schrodinger expansion is in this respect superior.

A second pairing mechanism in the (localized) two-
band framework has been proposed by Hirsch. ' In con-
trast to Emery, Hirsch emphasizes the spin-carrier in-
teractions and speculates that these interactions, together
with the spin-spin interactions, could give rise to tightly
bound singlet pairs of carriers. This picture is based on a
few assumptions. The first of them is that the carrier can
only pass a Cu ion if it flips the localized (and its own)
spin, i.e., only the spin-flip terms in Eq. (3.1) are taken
into account. Second, Hirsch assumes 2' that the spins are
coupled by an AF superexchange interaction which is

with

Jss(CPT) —+—1 2 1 3U —4h (5.2)
2h ~ 2 (U —6)

In this expression, Hco gives an (irrelevant) spin-
independent correction to the ground-state energy while in
Hss we recognize the Heisenberg Hamiltonian. If we
consider only nearest-neighbor hopping via a single ligand
we find

Hg 2Jss(CPT) XS"S.+i,

- (4) 1 1
Hoo -——

3 Z VlJVJlVl'J'VJ'l2 h3llJJ

1 2 1 3U —4h,

4 g3 2 g2EU A%2 .~ 'J i~' ~i' i'~'
Hss 2Jss(CPT) g VJVJ,'V; V'; S; S;

lJl J
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way the spin-spin interactions are overemphasized, com-
pared to the carrier-spin interactions. An estimate of the
relative importance of these interactions, in the spirit of
Hirsch, ' can be obtained by considering, on the one
hand, the ground-state energy of the cluster with a single
carrier and all the local spina, including the ring spins,
aligned antiferromagnetically. One finds

E.«F) -Esc«F)+Ess«F),

0, if U&26,

2P'2 , otherwise,
U —6

b/Y
FIG. 10. Comparison of the exact singlet-triplet splitting EsT

in a three-site cluster with two holes (solid line) with the CPT
(dashed line) and with the Rayleigh-Schrodinger (dotted line)
result for diff'erent values of +'V.

much stronger than the spin-carrier interaction. Finally,
strong anisotropy effects are assumed which reduce the
spin-only problem to the Ising one. Under these assump-
tions Hirsch argues that a single carrier will become
trapped in a two-dimensional lattice (this has been ques-
tioned recently ) while a pair of carriers with opposite
spins is mobile because the second carrier is able to repair
the damage in the spin lattice, created by the first one.
The respective gain in kinetic energy then stabilizes this
singlet spin bipolaron.

There are a couple of reasons why the above4escribed
physical picture is rather unlikely. A first objection to
Hirsch's mechanism could be that strong anisotropy
effects are not expected in these systems. However, from
the results obtained by us so far, more arguments against
this mechanism may be extracted. From Eq. (3.1) it is
immediately seen that there is no reason to neglect the lo-
cal spin conserving terms in the carrier-spin interaction.
They are, in fact, of equal importance as the spin-fiip
terms. Finally, the most straightforward argument we
can put forward is related to the relative strength of the
spin-spin and spin-carrier interaction. It is of similar na-
ture to that used in Sec. IV. Both interactions have the
same (kinetic) origin but the former is of higher order
than the latter and is, therefore, of relatively minor impor-
tance if a truly localized limit is considered and the
presented CPT applies.

In order to get some quantitative insight into the pair-
ing mechanism proposed by Hirsch, let us again consider
the small ring of Secs. III and IV. In order to describe the
magnetic energy and to mimic Hirsch's twoMimensional
system, we attach to each spin site three additional local
spina. We assume an Ising-type spin-spin interaction with
a magnitude given by Eq. (5.3). W'e notice that in this

( F) 6V 2+1 3U —4h
2 (U —~)'

It has been assumed that the presence of the carrier on the
intermediate ligand ion will break up the spin-spin cou-
pling. This feature follows from the general expressions
for the superexchange terms (A6)-(A7) which includes
also spin-spin-carrier interactions. On the other hand, we
consider the state with the ring spina in a

~ T~) or ( To&

state [Eq. (3.10)], keeping the other spins fixed. We find
then for the ground-state energy

1P

E.(F)-E.,(F)- -2V 2 3 1+
U —a

The quantity Ess/Esc Ess(AF)/tEsc(F) Esc(AF) ~

may now be considered as a rough measure of the impor-
tance of the spin-spin coupling compared to the spin-
carrier interaction. This quantity is presented in Fig. 11
for representative parameter values, and it is seen that the

FIG. 11. Ratio of the spin-spin to the spin-carrier energy
Ess/Esc as a function of the charge transfer energy 6/V in a
model inspired on Hirsch's proposal.



9434 JAN ZAANEN AND ANDRZEJ M. OLES 37

spin-spin energy is always smaller than the spin-carrier
energy in the range of validity of our expansion (see, e.g. ,
Fig. 10), even in this overoptimistic estimation. We ex-
pect therefore that Hirsch's pairing mechanism does not
exist in a real (change-transfer) semiconductor, and, in-
stead, the usual spin-polaron picture seems to be more ap-
propriate.

In another respect, Fig. 11 is also quite interesting. As
can be seen, the importance of the superexchange relative
to the spin-carrier exchange is strongly parameter depen-
dent. The reason is that the superexchange is always lim-
ited by V3/6, and is therefore small for large d, , while the
latter quantity remains proportional to V /(U —5). It is
therefore expected that the spin polaron in an extreme
charge-transfer material (U»h) is a relatively compact
object, while its size grows with increasing 5 (or decreas-
ing U). It would be interesting to see if this trend can be
confirmed by experiment. Systems to search for this trend
are possibly the Ni dihalides. '7's

VI. DISCUSSION

In the preceding sections we have systematically ex-
plored the physics of the two-band model in the charge-
transfer semiconductor regime, i.e., under the assumption
of a well-developed p-d correlation gap. The basic picture
we have obtained is not new, but, instead, confirms the
common understanding of magnetic semiconductors. At
least for low doping concentrations only the Kondo-like
spin-carrier interaction and the superexchange between
the spins are of relevance on top of the one-particle as-
pects of the p band. The former is important because its
coupling constant is relatively large, while the spin-spin
interaction cannot be neglected because there are many
(weakly interacting) spins per carrier.

The new aspects in our work is the explicit connection
between the electronic Hamiltonian and the effective
description of the near-ground-state physics at low carrier
concentrations. In this way we have shown how to bridge,
in principle, the gap between, on the one hand, informa-
tion obtained from the electron spectroscopies and, on the
other hand, near-ground-state properties such as trans-
port, magnetic, and thermodynamic ones. We have shown
that this relationship is not straightforward. The spin-
carrier interactions and the superexchange depend in an
intricate and different way on the electronic parameters
(U, d, V), suggesting a strong variation of the near-
ground-state properties as a function of transition-metal
and ligand ion. For instance, we predict that the spin po-
laron is a relatively compact object for small 6 and large
U, while its size will increase with decreasing U (see Sec.
V). We hope that this work will inspire experimentalists
to pick up the lead again in the field of concentrated,
strongly coupled antiferromagnetic semiconductors.

Among the promisin theories the RVB concept of An-
derson and co-workers is prominent. An important prob-
lem is to bridge the gap between the two-band-like "bare"
Hamiltonian and the one-band "generic" Hamiltonian
used by Anderson. As we pointed out, one can have
strong doubts if this is possible in the regime where the d
degrees of freedom are frozen in. In fact, we expect that

HNv~ Zcdndt +ger. nj + g tJJ'ci ci
ia j& jwj'o

++V;i(d;t ci +cjt d; )
LJcr (6.l)

U —h, ;JJ.

d&~ ci —~&' —& ci~~)

the more conventional ferromagnetic spin-polaron physics
is closer to reality. We also showed that the proposals of
Hirsch ' and Emery for two-band superconductors are
misleading. Both of these proposals rely on short-range
(nearest-neighbor) hole-hole attractions. As pointed out
very clearly by Stollhoff, this assumption is unphysical
for the single-band Hamiltonian. The strong on-site
repulsion tends to reduce considerably the hopping phase
space of the carriers if they approach each other, leading
to a net repulsion. In the two-band situation the on-site
repulsive interaction is "diluted" because of the neglect of
p-p Coulomb interactions and it is natural to discuss the
physics in terms of "holes" and "spins. " However, the
basic effect that the carriers tend to avoid each other on
small distance scales is the same. As we showed explicit-
ly, this point is missed both by Hirsch and Emery. They
both consider the fourth-order terms to be dominant,
overlooking the repulsive effects arising in leading
(second) order to which fourth-order terms are merely
small corrections.

In our opinion, these findings give reason to be pessimis-
tic about the localized two-band model being the right
large-energy scale framework for the high-T, supercon-
ductors. In fact, there are direct indications that a well-
developed correlation gap is absent. For instance, trans-
port measurements have shown that both n and p--type
carriers are present in La2 „Sr„C—u04 s, while the
transport in the presence of the gap would be exclusively p
type. Also the photoemission data seem to argue against
the localized picture. Although, at least for La2Cu04
a gap seems to be observed, ' ' this does not necessarily
mean that a localized description makes sense. A much
better criterion is the presence of a narrow d"~ d"+'
band above the Fermi level (see Sec. II), which is seen
clearly in the inverse photoemission of CuO (Ref. 5) and
also NiO (Ref. 16). This feature is missing in the inverse
photoemission of the HTSO's and instead a broad band is
observed.

From these arguments it may be clear that the charge
degrees of freedom of the d electrons cannot be neglected
and the HTSO's should be placed in the mixed-valence re-
gime (MV) of the phase diagram presented in Fig. I (see
also Refs. 52 and 53). This is also expected when we con-
sider the results of the LD band-structure calculations. '

These calculations show that the p-d bands which cross
the Fermi energy are unusually wide while the d-hole
count ny is rather low [ng=0 5, in agre. ement with core
x-ray photoemission spectroscopy data, suggesting
ng=0. 5 (Ref. 6) —0.7 (Ref. 52)]. In this situation we
can again use the CPT to project out only the doubly oc-
cupied (with holes) d states, which results in an effective
Hamiltonian (up to second order)
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Here we have introduced the pseudofermion operator
d;t -(1—nd; )d;t.

Starting from Eq. (6.1), we could, in principle, con-
struct a Bardeen-Cooper-Schrieffer (BCS) -like Hamil-
tonian by factorizing the hopping term in the spirit of the
Gutzwiller approximation and the 1/U term in the usual
BCS way. It is easy to show that a pairing theory is then
constructed. ~ In fact, such a construction was already
proposed by Newns, who used an extension of the slave
boson technique to achieve very much the same goal.
However, it is rather straightforward to realize that this
procedure is a simple extension of the superexchange
mechanism for the Hubbard Hamiltonian. s9 It thus
seems rather unlikely that this mechanism may become
effective in HTSO's.

Despite all the negative findings presented in this paper,
we are not of the opinion that the search for electronic
pairing is hopeless. We have merely shown that supercon-
ductivity is unlikely in the (localized) charge-transfer re-
gime, and we have provided additional evidence in favor of
the absence of a correlation gap in these materials. To us
it then seems more promising to investigate the mixed-
valence system [Eq. (6.1)J. In this respect some observa-
tions can be made.

The controlling quantity here is the d-hole count, more
than U/W. Assuming that &nd) =0 Sit is. expected that an
itinerant picture is somehow more adequate than a local-
ized picture. For instance, either from the Gutzwiller or
from the T matrix approximation an electronic mass
enhancement of the order of two is expected which places
the HTSO's in the same class as Ni metal, which is clearly
an itinerant system. The presence of antiferromagne-
tism55 and a gap in the half-filled systems La2Cu04 and

YBa2Cu306 is then a problem. However, both in the
Rice-Ueda Gutzwiller framework as well as in the
Hartree-Fock framework (including self-energy correc-
tions on the one-loop level ) one can well account for this
AF, including its breakdown. Both these approaches sug-
gest that, upon doping, the normal paramagnetic metallic
state is reahzed, suggesting that the AF gap is nonlocal
(i.e., coupled to the order parameter). The question
which then remains is if the antiferromagnetic fluctua-
tions in the metallic state are strong enough to give rise to
the spin bags as proposed by Schrieffer, Wen, and
Zhang. "
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APPKNIMX: FOURTHWROKR CONTRIBUTIONS
IN THK KFFKCnUK HAlMII. TONIAN

Here we present the general expressions for the fourth-
order processes HQ as derived from the Hamiltonian
(1.1) in the limit of V«d and V«U —d.

The carrier-carrier terms H$P (2.8) are

PiH)PgH)P)HiPpH)P) —g g [Vij, Vli2Vl J3V; J di~~dl, d~, dc ccj»(ciiocci c Bjci 8, c)c
Jn+n I &I

2+~j ri~ Vij c
VijzVi 'j3diacdia&ndlapcj&a&cj cac)

+Z «Vcj'cVijqVlj p ijqLndiacj a'(Cj&acj ca crj&i&)cjaa'+dicrdi —a CJ2a Cjc —aclca'cjra'1
jn iaCr'

+~jg,VlJ, Vij,Vlj', (ndiaC, ,aC, ,a+died; aCJ, aCj,e)j, - (Al)

P)H(PgHiP)H)P2HiPi+P)HiP2H)PiH)PpHiPi

VijcVij 2Vi &' Vc j (dcacdia&dl a dr a +diacdia&dl a dc a)Cj2a2 (C[~&a&cj c'ac bj cj& be&ca) jC& ar
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+ X g Vij c Vij ~Vi j3r c jqdlacdicrp'dier( J~ag~jgar iree jrer J2ar J4a2 Jeer Jrac ~jcjq~accrrcJ&a2cjrcrc
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W xr. . a . . rz. . zr. . f - . f~~ ' rjc' rjr' cJ3' V~Lndra ( jzeCJ~ a jca Cia a Cjz CJ aCJ&4aj acr
j„ icr

+ ra r —a(CJ2 —acj~a Jca jre j~acj4 —acj,a

+4 $ QVJ, VJ,Vlj, (nd; CJ, ci, —d; d; CJ, — CJ.,
—), — —

JIJ2j3 ~&
(A2)
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piHip2HipiHip2Hipi —g g Vlj, vlj, v; J V; j [d a,d a d; a d; a cJ2a2(cjsascjcal bj jlsb alas)cj 3a3
J»a» l&l

a3a4 4iaI 7a28di —a3 KCJ2agCJ4a3 J I aI J3a3+ J4a3 j2a2 j3a3 JIa

~JcJs ala3~J2a2cJ3ac J2J3 a2a3 Jsa2 Jlal

cJcvcJ2 i'j3 i'j «' a»«' —a~J2a(Cj cr'~Jca ~JcJs acr') j a'
j», cr,a' iaaf'

Vij 3 Vij 2vij3vij s(»dia Cj2 —aCJsa' Cj ca' Cjr a dla dc a J2 a Jscr Jlcr J3
J» lcrcr

»«aCj2 —aCj3 —a + ssia as& —cr
'
Cj2 —aCj la) (A3)

where we have used

~ ~ ~ ~ ~ ~ ~ ~ ~ ~

J» J I3J2~J33J4 a» crl, a2, a3,a4

and the operators d;, d; which are defined as follows:
A

dia dia(l »i —a)r dia diaridi —a

(A4)

(A5)

The above terms describe the interactions between two carriers in the presence of the spin subsystem, as well as between
one carrier and the spins. The latter processes renormalize those derived in second order (see Sec. III). Pure carrier-
carrier interactions resulting from the above terms are discussed in Sec. IV.

The superexchange terms H)$~ (2.9) are of the form

PiHi POHi pooHi poH& p&

l jl lJ2 iJ3 lJ4~~dla ~dl' a ~j 4a j a ~J a~j +~dia ~~l' a col' a ~f4a~j~ ~J aj
J» ll cra

+c4fa~f -a~df'a'~J4-a~J'3a'ala J'&a'+c4ia~i -cr c4f'a'c4f -a J4-a J -a Jla

,
(- . -, t . +A.t A.~J J 8 (RdiaRd; CJ CJ +;— ll«Cj Cj )

~jrj3~a o(@ca-d; adi a CJ-sa CJ2 a+ d a—d; ad;. d; Cg, aCJ2 a)-]—
+ g QVJ, V, j.V, J.Vj,(-,'+2S,"S, )ct.cj,.+ g Z(VJ, V...—V, ,j.Vj,)V, .J,VjA, pt ~~ ~j,

JIJ2J3 ll'a J Ija/3 ii 'Cr

+ g VIV;,' —g V; V,".V, , V, . ,( —'+2S;.S, ),
ll JJ ifjj'

(A6)

PiHiPOHip02Ki POHCY p~

' lJ ' ij'2' ij'3' j'di Bd; C&2 C~' j, J' pgdi~l cc., Cj,Cj j~ ~
~ ~ ~ ~ ~

J» ll acr

fa f-aRdf a Cj a CJ'4-JIj3 a' L4la44l acti' —a''~i'a CJ Cj -j
~jljs»dia«di'a'c'j acj a d; ad—; ac~ acj a)]

—g QViJ, V;J.,V;J,VJ.,(2S; S;.——,')cJ.,~., , QVi, V, , —V, V,, (2S; S;.—2 ) . (A7)

The first sums in Eqs. (A6) and (A7) describe the dynamics of carriers interacting with the spins. The spin-spin interac-
tions standing as the last sum in Eqs. (A6) and (A7), respectively, are the superexchange ones as discussed in Sec. y.
They are suppressed if a carrier is present at the 0 atom which is located between the two Cu spins (Fig. 9).

Finally, the remaining spin-carrier interactions H]p [Eq. (2.10)] have the following contributions:

P )H)P20 )P028~p20 ~ p,

+ d jlJ ''j 'j J ~di Bd; Cj —Aj Qj pJ — + lldfa44'' Cj ~j Qj Qj
j» ll crcr
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P IH IP0H I P02H IP2H IP I +P IH IP2H IP02H IP0HI P I

—2X X Vc, , V; j,V;, Vtj, (ndt~dt CJ, ~,, C, , C,, —
Jts lf CfcF

++d)o di'cr'~i'-e+Jl WJ3 —e'&J2a'&J4 cF ~ia i -aBd' 'Cj -ry cz C ty'Cj«

P IH IP2H I P22H IP2H IP I

+ g g(VJ., V~ j,+V, j,Vj, )V~J.,V, .j,(nd; nz;. —d~Q; Qt. g;. )c~~~J,
J&Jxl3&t'e

. tj&. i'j, ij3(ndiacj c
—acj~-a diadi-acjc —crcjrcr)

JlJaf3 ii'e

iJ', i'j 'j iJ' ~~di~d' J' j 'j '~j ++~d&~i'e' i'-cr' Jl j -cr' J o' J4
Jts 0'0' Egal

(A9)

a di'cr'Cjc a~jra j2cr joa diadc a i'cr'di'-a CJ, —a j, a Cjzcr CJ;a)

fZ Zt ijc r'J ijq& Chacj, —aCjq-a tda-Iajc -cajC, cr)
JlJXl3 i»', &

(A10)

The latter contributions (AS)-(A10) are nonzero only if the carriers are present in the system. They describe dynamics
of carriers due to their coupling to the spin subsystem.
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