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Proposal of an extendedt-J Hamiltonian for high- Tc cuprates from ab initio calculations
on embedded clusters
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A series of accurateab initio calculations on CupOq finite clusters, properly embedded in the Madelung
potential of the infinite lattice, have been performed in order to determine the local effective interactions in the
CuO2 planes of La22xSrxCuO4 compounds. The values of the first-neighbor interactions, magnetic coupling
(JNN5125 meV!, and hopping integral (tNN52555 meV! have been confirmed. Important additional effects
are evidenced, concerning essentially the second-neighbor hopping integraltNNN51110 meV, the displace-
ment of a singlet toward an adjacent colinear hole,hSD

abc5280 meV, a non-negligible hole-hole repulsion
VNN2VNNN50.8 eV, and a strong anisotropic effect of the presence of an adjacent hole on the values of the
first-neighbor interactions. The dependence ofJNN and tNN on the position of neighbor hole~s! has been
rationalized from the two-band model and checked from a series of additionalab initio calculations. An
extendedt-J model Hamiltonian has been proposed on the basis of these results. It is argued that the here-
proposed three-body effects may play a role in the charge/spin separation observed in these compounds, that is,
in the formation and dynamic of stripes.

DOI: 10.1103/PhysRevB.63.214520 PACS number~s!: 74.72.2h, 74.25.Ha, 74.25.Jb
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I. INTRODUCTION

The insulating cuprates, such as La2CuO4, which are the
undoped parent compounds of the high-Tc superconductor
La22xSrxCuO4, are known to present antiferromagnetic co
plings between nearest-neighbor~NN! copper centered site
in the CuO2 planes. Raman and neutron-diffraction expe
ments evaluate this coupling to be aroundJNN5130 meV
@12866 meV,1,2 13465 meV,3–5 respectively#. Neverthe-
less, the corresponding simple Heisenberg Hamiltonian d
not reproduce entirely the features of the Ram
spectrum6–11 and additional effects such as second-neigh
magnetic couplingJNNN and four-spin cyclic exchange hav
been invoked.12–15 While an upper bond forJNNN (uJNNNu
<9 meV! has been given from Raman experiments,5 the
amplitude of the four-spin operator in this kind of com
pounds is a matter of discussion. Previous works have sh
that this cyclic operator corresponds to a fourth-order term
the perturbative expansion of the Hubbard model Ham
tonian, scaling asltNN

4 /U3, where tNN is the nearest-
neighbor hopping integral andU is the on-site Coulombic
repulsion, withl540 ~Refs. 16 and 17! or l580,18,19 de-
pending on the formal writing of the Hamiltonian.

Regarding the hole-doped material, where the conduc
takes place in the CuO2 planes, the holes can be seen
centered on copper atoms with large tails on the four ne
boring oxygen atoms. They move from on site to an adjac
one through the effect of a hopping operator of amplitu
tNN , for which there is no direct experimental evaluation, b
values around20.5 eV are considered as reasonable.20 One
of the most widely employed model Hamiltonians for t
interpretation of the properties of these materials, throug
hole-pairing mechanism, is the so-calledt-J model21,22which
combines spin coupling and hole hopping:
0163-1829/2001/63~21!/214520~13!/$20.00 63 2145
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JNN•~Sa•Sb21/4!

1tNN•~aa
†ab1ab

†aa1s.c.!d~na1nb,1!. ~1!

The adequacy of such a simple Hamiltonian to incorpor
the physics of the problem is questionable. Hopping betw
second-neighbor sites,t8, may be non-negligible. When on
derives thet-J Hamiltonian from the Hubbard Hamiltonian
three-site operators moving a singlet-coupled electron
toward the hole appear at second order of perturba
theory, scaling as theJNN operator, i.e., astNN

2 /U. The trans-
ferability of JNN from the undoped to the doped material
not guaranteed, the presence of a neighboring hole may
fect the coupling of two adjacent spins. The hole-hole rep
sionVi j is likely to play a role, influencing the mean distan
between the holes. Different extensions of thet-J model
have been employed in numerical simulations, for instan
t-t8-J ~Refs. 23–26! or t-J-V,27–29but the values given to the
parameters are rather arbitrary, varying widely from one
thor to the other, the main objective being to exhibit qua
tative collective effects. Among them the experimental e
dence of the occurrence of stripes have focused attentio
the recent past.30

The goal of the present paper is to bring useful inform
tion regarding the local effective interactions in undoped a
hole-doped cuprates. To obtain them, the most accurate t
of ab initio quantum chemistry will be used. The metho
consists in considering few-site clusters, properly embed
in the field of the periodic environment, and to calculate t
low part of the spectrum using the exact Hamiltonian, lar
basis sets, and extensive configuration interaction~CI! ex-
pansions. From this spectrum it is possible to fix the am
tudes of the effective interactions. The procedure has b
successfully used to calculate the NN magnetic coupling
series of perovskites,31 among them La2CuO4 for which a
©2001 The American Physical Society20-1
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value ofJNN5130 meV is obtained. Similar calculations o
the hopping integral in the hole-doped system (t520.57
eV! have been also reported.32,33 These calculations con
cerned symmetrical two-site clusters, for which the deter
nation ofJNN andtNN is straightforward from the two lowes
eigenvalues. This is no longer the case when one consi
larger clusters to extract additional parameters, concern
next-nearest-neighbor~NNN! interactions, neighboring-hole
dependence ofJNN and tNN , hole-hole repulsions, and four
spin cyclic operators. Their achievement requires some a
tional mathematical tools such as the Bloch definition34 of
effective Hamiltonians and localization procedures~for in-
stance, the Boys method35!. The methodology will be ex-
plained in Sec. II. Section III will present the results conce
ing the four-site square plaquette and three-site linear clu
with different number of electrons~holes!. Calculations per-
formed on undoped clusters provide the values of the N
NNN, and next NNN magnetic couplings. Also the amp
tude of the four-spin cyclic exchange for this compound h
been established. Hole-doped clusters give informati
about the hopping integrals~NN, NNN, and next NNN!, the
singlet-displacement operator and the dependence of
first-neighbor interactions~hopping integral and magneti
exchange! on the number and relative position of the ad
cent holes. Section V presents a rationalization of the ani
ropy of the effect of hole~s! in the vicinity on the values of
JNN and tNN and reports additional exploratory calculatio
to evaluate the dependence of the bicentric parameters o
hole positions. Finally, Sec. VI summarizes the results, p
posing a refinedt-J model, and discusses the possible eff
of the additional operators on the charge/spin distribution
the lattice, with possible consequences for the stripping p
nomena.

II. METHOD

A. Mapping of a model Hamiltonian on an ab initio effective
Hamiltonian

For such materials the unpaired electrons are essent
located on Cudx22y2 in-plane atomic orbitals, with non
negligible delocalization tails on the adjacent oxygen ato
Such Cu-centered orbitals will be labeled$a,b,c, . . . %. In
the doped material the hole has much larger delocaliza
tails on O 2p orbitals, but as shown by Zhang and Rice,21,22

it remains possible to work within a one-band model Ham
tonian, the precise nature of its valence orbitals being
plicit. For a finite cluster involvingp centers andn<p un-
paired electrons, the model Hamiltonian acts in the subsp
spanned by the localized determinantsf i , containing a com-
mon frozencore and n active electrons. The double occu
pancy of the active orbitals of these localized determinant
prohibited in both the Heisenberg and thet-J Hamiltonians.

The ab initio calculations handle a large number
atomic orbitals, symmetry-adapted molecular orbit
~MO’s!, and expansions of the wave functions on millions
determinants. Nevertheless, it is possible to construct f
these calculationsab initio effective Hamiltonians which are
in one-to-one correspondence with the model Hamiltonia
21452
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For an undoped cluster involvingp Cu atoms (p sites!, it is
possible first to obtain from variational calculations a set
molecular orbitals containing doubly occupied MO’s~core!,
unoccupied MO’s~virtual MO’s!, and p MO’s with essen-
tially single occupation, which define theab initio one-
electron valence space,$w i% in Fig. 1. A unitary localizing
transformation of thep symmetry-adapted orbitals will pro
vide equivalent localized orbitals$a8,b8,c8, . . . % which can
be seen as in strict one-to-one correspondence with the
plicit valence orbitals of the model Hamiltonian. This loca
izing unitary transformationU may be evident by symmetry
or defined by a localizing functional, for instance, the Bo
criterion ~see Sec. III A!, $a8,b8,c8, . . . %5U$wp ,wq , . . . %.
Fixing a double occupancy of thecoreorbitals, and puttingn
electrons in the valence localized orbitals, avoiding th
double occupation, localized neutral determinants$f i ,loc8 %,
are obtained which are in correspondence with then-electron
basis of the model Hamiltonian. These localized neutral
terminants can be written as

f i , loc8 5ucore ~a8b8c8 . . . !u* Si , ~2!

whereSi is one of theCp
p/2 spin distributions on the variou

active localized orbitals. These determinants define a mo
space~of projector PS , PS5(uf i ,loc8 &^f i ,loc8 u&) for the ab
initio calculations. LetNS be the dimension of that spaceS.
The information obtained by the most refinedab initio cal-
culations will be extracted according to the theory of t
effective Hamiltonian proposed by Bloch.34 When one
knows theNS eigenstatesCm having thelargest projections
on the model space~which constitute the target space, stab
subspace ofHexact) and their eigenvaluesEm , the effective
Hamiltonian is such that its eigenvalues are the exact o
and its eigenvectors are the projections of the exact eig
vectors onto the model space:

He f fuPSCm&5EmuPSCm&, m51,NS . ~3!

The spectral definition ofHe f f is

He f f5(
m

uPSCm&Em^PSCm
'u, ~4!

where uPSCm
'& is the biorthogonal transformation o

uPSCm&. Actually the projectionsuPSCm& of the ~orthogo-
nal! statesCm have no reason~except for symmetry reasons!
to be orthogonal; they define an overlap matrixs,

smn5^PSCmuPSCn&, ~5!

and the biorthogonal vectors are defined by

uPSCm
'&5s21uPSCm&. ~6!

The values of the norms of the projections, i.e., the diago
elements ofs matrix, give an indication on the quality of th
description of these states by the truncated spaceS. The
model space and the exact eigenstates must be in strong
respondence, i.e., one must choose both spaces so tha
vectorsCm have the largest projections on the model spa
0-2
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FIG. 1. Summary of the strategy used to e
tract effective interactions in La22xSrxCuO4 sys-
tems.
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Then one may express this Hamiltonian on the basis
the localized determinants$f i ,loc8 % written in terms of the
orbitals$a8,b8,c8, . . . % and the matrix elements

^f i ,loc8 uHe f fuf j ,loc8 &5(
m

^f i ,loc8 uPSCm&Em^PSCm
'uf j ,loc8 &

~7!

can be identified to the matrix elements^f i uHuf j& of the
model Hamiltonian. Since the symmetry-adapted delocali
determinants$f i ,deloc8 % are linear combinations of the loca
ized neutral determinants$f i ,loc8 %, constituting two basis set
of the same model space,

uf i ,deloc8 &5(
k

di ,kufk,loc8 &, ~8!

it is not difficult to calculate the overlap:

^f i , loc8 uPSCm&5(
j

^f i , loc8 uf j , deloc8 & cm, j , ~9!

wherecm, j is the coefficient of theuf j , deloc8 & determinant on
the uPSCm& wave function.

In principle the effective Hamiltonians may be no
Hermitian but the hermitization is straightforward.36 The
comparison between theab initio effective Hamiltonian and
the model Hamiltonian fixes the amplitudes of the integr
appearing in the latter and allows one to verify whether n
21452
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negligible additional interactions are not present. Figure
summarizes the whole process. Changing the size of
cluster, for instance going from a two-center/one-elect
problem to a three-center/two-electron one, one may ch
the consistency of the procedure and the transferability of
effective interactions.

B. Computational details

The widely used embedded cluster technique has b
employed to model the system.37–42 Finite clusters of the
type CupOq (Cu3O10 and Cu4O12, Fig. 2! have been se-
lected, where theq oxygen atoms are the first in-plane neig
bors of thep Cu atoms.~Previous calculations have show
that the explicit involvement of the out-of-plane oxygen a
oms does not change the values of the in-pla
interactions.32,33! The first shell of atoms surrounding th
cluster have been replaced by formal charges with pseu
potentials, in order to mimic the Coulombic and exclusi
effects. The rest of the lattice has been modeled by mean
point charges, which values have been fixed according
Evjen’s method,43 and which correctly represent the Mad
lung potential of the crystal.44 This is a simplified approach
in comparison with more elaborate methods proposed in
literature.45

The ten most internal electrons of Cu atoms have b
represented by effective core pseudopotentials, the vale
electrons being treated explicitly with triple-zeta basis
sets.46 A double-zeta basis set has been used for oxyg
0-3
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CARMEN J. CALZADO AND JEAN-PAUL MALRIEU PHYSICAL REVIEW B63 214520
atoms,46 preliminary calculations on bicentric clusters ha
shown that the inclusion of polarization functions on t
bridging oxygen atoms has not an important effect either
the magnetic coupling or on the hopping integral.

For undoped clusters, the restricted-spin open-s
Hartree-Fock calculations variationaly define the singly
cupied magnetic orbitals. These orbitals define a minim
valence complete active space~CAS!. From this space it is
possible to calculate the spectrum through a difference d
cated configuration interaction~DDCI! procedure47 which
implies all the simple and double excitations on the top
this CAS, except the double excitations from thecore to the
virtual orbitals, which do not contribute to the energy diffe
ence at second-order of perturbation theory.47

An alternative solution consists in defining an enlarg
CAS including the on-bond 2p orbital of the bridging oxy-
gen atoms. These ligand-centered orbitals are the most
ticipating on the intersite spin-exchange and electron tran
processes.48 Performing all the single excitations on the to
of this extended CAS, which corresponds to the two-ba
Hubbard model space, one introduces dynamical polariza
effects, i.e., screening by the nonactive electrons, at lo
computational cost than the preceding computatio
scheme. For such type of systems, the equivalence of
DDCI procedure on the top of the small CAS and the sin
excitations on the top of the enlarged CAS, including t
most relevant ligand orbitals, has been illustrated on
La2CuO4 system~using a Cu2O7 cluster!33,49and on oxalato-
bridged Cu~II ! complexes.49,50

III. AB INITIO CALCULATIONS ON THE PLAQUETTE
AND THE LINEAR CLUSTERS

As was mentioned above, two different clusters have b
used to extract the effective interactions. A four-site squ
cluster ~plaquette! of formula Cu4O12 @Fig. 2~a!# has been
employed in order to determine the first-~NN! and second-

FIG. 2. Representation of the clusters employed in theab initio
calculations. ~a! the plaquette Cu4O12; ~b! the linear cluster
Cu3O10. The first-neighbors of the cluster atoms have been a
included. They have been modeled by means of the combinatio
a pseudopotential and a point charge, to mimic both the exclu
and the Coulombic effects.
21452
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neighbor~NNN! interactions, and also the four-spin cycl
exchange. Third-neighbor interactions~nNNN! has been es-
timated by means of the calculations carried out in a lin
three-site cluster@Cu3O10, Fig. 2~b!#. Comparing with the
results obtained from the plaquette and previously stud
binuclear clusters, it is possible to check the dependenc
the NN interactions on the size of the fragment involved
the ab initio calculations.

Three fillings of thevalence shellhave been considered i
order to evaluate the dependence of these interactions o
hole concentration. Undoped~four center/four electron and
three center/three electron problems!, one hole-doped (4c/3e
and 3c/2e), and two hole-doped (4c/2e and 3c/1e) situa-
tions have been analyzed. From the systems with two h
in the valence shell, it is possible to extract the amplitude
the hole-hole repulsions, an important magnitude for
study of the hole pairing mechanism. It is worthwhile
notice that the here-referred hole dopings are not in co
spondence with the total doping of the lattice, induced by
replacement of La13 by Sr12. A change in the occupation o
the valence shell of these small clusters just induces alocal
hole doping, which provides information about thelocal
modifications of the effective parameters.

A. Localization process

In the plaquette, the four symmetry-adapted valence or
als belong to theA1g , Eu , and B1g representations in the
D4h group. The localizing unitary transformation is straigh
forward since

a1g5~a1b1c1d!/2, ~10!

eu(1)5~a1b2c2d!/2, ~11!

eu(2)5~a2b2c1d!/2, ~12!

b1g5~a2b1c2d!/2. ~13!

Figure 3 pictures one of these four localized valence orbi
for undoped and for the doped plaquettes, showing the str
localization of the magnetic orbitals and thed2p hybridiza-
tion occurring in the hole-doped systems.32,33,44,51

o
of
n

FIG. 3. Localized active orbitals for the plaquette:~a! for un-
doped systems, centered in 3dx22y2, with important tails on the four
in-plane neighbor oxygen atoms;~b! for hole-doped systems a
strong 3d22p rehybridization takes places, the 2p character in-
creases sustantially with respect to the undoped situation.
0-4
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PROPOSAL OF AN EXTENDEDt-J HAMILTONIAN FOR . . . PHYSICAL REVIEW B 63 214520
In the linear cluster the localizing transformation of th
three magnetic orbitals is no longer imposed by the symm
try. Two of these orbitals (wg ,wg8) belong to theAg irreduc-
ible representation and the other one (wu) to the B1u sym-
metry. The rotationU, which transforms the$wg ,wg8 ,wu%
into the localized set$a8,b8,c8%, has been performed accord
ing to the Boys criterion,35 which maximizes the distance
between the centroids of the orbitals. An alternative locali
tion criterion, the minimization of the direct exchange int
gral Kac , leads to the same rotation.

B. Magnetic interactions

Table I reports the results obtained from the plaquette
the linear clusters for the magnetic coupling, involving d
ferent fillings of the valence shell. For the undoped clust
the first-neighbor magnetic couplingJNN is ; 125 meV. The
calculated value is independent on the size of the conside

TABLE I. Magnetic interactions in undoped and hole-dop
clusters~in meV!.

aA value of JNN5130 meV has been previously reported~Refs. 32
and 33!, where polarization functions have been included in t
basis set of the bridge oxygen atom.

bRefs. 1 and 2.
cRefs. 3–5.
dRef. 5.
21452
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cluster and it is in agreement with both the previously det
mined JNN in the binuclear cluster, by usingab initio con-
figuration interaction techniques31–33,40 or the density-
functional theory,42 and the estimations from Raman an
neutron-diffraction experiments@12866 meV,1,2 13465
meV,3–5 respectively#. This independence ofJNN with re-
spect to the size of the cluster is in accord with the previo
work of Illas et al.,41 performed at a level which only recov
ers 70% of the experimental value ofJNN ~see also Ref. 39!,
due to the neglect of the polarization effects of the ligand
metal charge-transfer~LMCT! forms in the CI calculations.

The coupling between second neighborsJNNN is also an-
tiferromagnetic, with a value ofJNNN56.5 meV in accor-
dance with the experimental upper limituJNNNu<9 meV.5

The ratio of the NNN and NN interactions i
JNNN /JNN50.052, in good agreement with the value a
cepted by Lorenzanaet al.13 in numerical simulations,
JNNN /JNN50.04. A negligible antiferromagnetic couplin
has been found between Cu atoms placed at a 2R distance
~third neighbors, next NNN!: JnNNN51 meV.

Finally, the calculations on the plaquette provide a no
negligible value for the four-spin cyclic exchange ofK514
meV. The four-body operator can be written as

HK5K (
^ i jkl &

@~Si•Sj !~Sk•Sl !1~Si•Sl !~Sj•Sk!2~Si•Sk!

3~Sj•Sl !#. ~14!

This operator produces the cyclic permutation of the fo
spins on the plaquette~Fig. 4! plus ordinary two-spin ex-
changes of all the pairs of spins of the plaquette includ
those of the diagonals. Its value is somewhat smaller t
some estimations used in numerical simulations,14,13,52 but
larger than the critical value, (K/JNN)c50.0560.04, esti-
mated by Sakai and Hasegawa15 for the appearance of a
magnetization plateau at half the saturation value in thS
5 1

2 antiferromagnetic spin ladders. In spite of the smalln
of the here-proposed value of the four-spin cyclic exchan
it could affect the fitting of the experimental data, as it ha
pens in the two-leg spin ladders in the La6Ca8Cu24O41 sys-
tem, where the best fit to the experimental data of thew
2Q dispersion is obtained when a value of the cyclic e
change about 10% of the main Cu-O-Cu linear exchang
included into the Hamiltonian.53

When a hole is introduced in the cluster, the NN magne
coupling is influenced by its presence, but in different dire
tions depending on the relative position of this hole~Table I!.
Thus a hole in a colinear position to the two NN spinsin-
creasesthe coupling between these two spins@Fig. 5~a!#.
However the NN magnetic couplingdiminishesif the hole is
placed in a position perpendicular to the bond@Fig. 5~b!#.

FIG. 4. Cyclic permutation of the four spins on the plaquet
showing the action of theK operator.
0-5



co
h

bo
e

n

h

in
in
is

ta
to
m
d
l

e
-

-

er
a
tr

the

en

of
ut

on
s
po-

the
in

to
r
ot

f

s

of
a

ec wo

CARMEN J. CALZADO AND JEAN-PAUL MALRIEU PHYSICAL REVIEW B63 214520
The same trend is observed in the plaquette when a se
hole is introduced,JNN being 94 meV, to be compared wit
JNN5104 meV in presence of one hole andJNN5125 meV
for undoped systems.

C. Hopping integrals

As in the case of magnetic interactions, the first-neigh
hopping integral (tNN) is also independent on the size of th
cluster~Table II!, a value of2558 meV has been found i
the one-hole-doped linear cluster,2552 meV in the one-
hole-doped plaquette and2555 meV in a previously re-
ported binuclear cluster.32,33This value is in accordance wit
a generally accepted value of2500 meV for these
compounds20 ~for instance,2570 meV by Wanget al.,54

2650 by Martin,44 2400 meV by Hybertsenet al.55!.
An evaluation of second- and third-neighbor hopping

tegrals results from our calculations. The NNN hopping
tegral tNNN51112 meV is unexpectedly large. The sign
in agreement with the negative overlap of the active orbi
placed at aA2R distance, but its magnitude is large due
through-bond processes, which involve the oxygen ato
On the basis of the perturbation theory~quasidegenerate
perturbation theory, QDPT!,34,36,56 considering the neutra
valence bond as the model space andH0 being the trace of
the Hamiltonian in the basis of the single determinants, th
are two contributions to thetNNN hopping integral. One cor
responds to a third-order contribution,57 scaling as
2tpp(tpd)

2/DECT
2 , where tpd is the hopping integral be

tween the O 2p and the Cu 3d orbitals, tpp is the hopping
integral between the O 2p orbitals, andDECT is the O 2p
→ Cu 3d charge-transfer excitation energy~Fig. 6!. Since
tpp , tpd , andDECT are negative quantities, the third-ord
contribution results in a positive magnitude. There exists
alternative pathway corresponding to a fourth-order con

FIG. 5. Relative position of two coupled electrons with resp
to an adjacent hole:~a! colinear position;~b! perpendicular position.
21452
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bution, scaling astpd
4 /DECT

3 , with opposite sign. Since the
third-order contribution is expected to be larger than
fourth-order one, the resulting sign oftNNN is positive.

A moderate amplitude of the hopping integral betwe
third neighbors (tnNNN, distance 2R) has been extracted
from the calculations on the linear cluster. The extension
this coupling is controlled by through-bond interactions, b
in contrast with the plaquette, the third order contributi
will be negligible (tpp;0) and only fourth-order processe
can be written here, smaller in magnitude and with an op
site sign with respect totNNN .

When an additional hole is introduced in the system,
NN hopping integral is unchanged when the hole is placed
a perpendicular position to the bond@ tNN52558 meV in the
two-hole-doped plaquette, Fig. 7~a!#, but its absolute value is
augmented when the hole is placed in a colinear position
the bond @ tNN52600 meV in the two-hole-doped linea
cluster, Fig. 7~b!#. The presence of the extra hole does n
influence significantly either the second-neighbor (tNNN
51130 meV to be compared with1112 meV in absence o
this additional hole! or the third-neighbor (tnNNN5236 meV
versus247 meV! hopping integrals.

D. Singlet displacement operator

Additional information coming from these calculation
concerns the singlet-displacement operator~Table III!. It is a
three-site/two-electron operator, which moves the pair
electrons, coupled in a singlet, toward a hole placed in
neighbor position. Thus a singlet on sitesa andb, the sitec
containing a hole, is displaced to the positionsb and c, the
hole being ina ~Fig. 8!.

It can be written as

t FIG. 7. Relative position of an electron delocalized between t
adjacent sites, with respect to an additional hole:~a! perpendicular
situation;~b! colinear situation.
-
i-
n-
c
-
at-
-

FIG. 6. Pathways showing the third
order and fourth-order perturbative contr
butions to the second-neighbor hopping i
tegral, tNNN . On the corner, a schemati
representation illustrating the hopping pro
cesses between oxygen and the metal
oms (tpd) and between two adjacent oxy
gen atoms (tpp), and precising the sign
convention.
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hSD
abc@ uab̄2āb&^bc̄2b̄cu1ubc̄2b̄c&

3^ab̄2ābu#d~na1nb1nc,2!, ~15!

whered(na1nb1nc,2) controls the fact that the three cen
ters bear only two electrons, i.e., that the singlet can o
move toward a hole. As for the preceding parameters,
amplitudehSD

abc depends on the relative position of the hol
When the singlet moves to a neighbor bond in the plaqu
~i.e., the hole is placed in a perpendicular position to
singlet bond!, the value ishSD

abc5241 meV while it goes to
hSD

abc5280 meV when the hole is on the same axis as
singlet. The presence of a second hole in the plaquette d
not affect the amplitude of the singlet displacement (hSD

abc

5237 meV!.
There exists also a small similar operator involving t

diagonal of the square (hSD
cbd59 meV!,

hSD
cbd@ ubc̄2b̄c&^bd̄2b̄du1ubd̄2b̄d&^bc̄2b̄cu#d~nb1nc

1nd,2!, ~16!

moving the electrons as shown in Fig. 9. The value of t
operator in presence of a second hole is very close to
preceding value:hSD

cbd514 meV.

TABLE II. Hopping integrals. Dependence on the presence a
the position of an additional hole~in meV!.

aRefs. 32 and 33.
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E. Hole-hole repulsions

The absolute value of the hole-hole repulsion is not
cessible, but the effective Hamiltonian gives the differen
between two situations~Table IV!. From the plaquette, we
can extract the relative stability of two holes placed in NN
positions with respect to two holes in NN:

VNN2VNNN5Vab2Vac50.98 eV. ~17!

This is significantly larger than the values usually a
cepted for simulations.27–29 One should stress the fact th
this value takes into account the dynamical repolarizat
effects of all the atoms explicitly treated in the calculatio
i.e., the screening by the 12 in-plane oxygen atoms linked
the four Cu atoms of the plaquette. It misses the polariza
of the rest of the environment. This effect can be evalua
taking into account the polarization of a large surround
shell, with a value of the polarizability of the O5 ion, aO
51.30 Å3. This value has been obtained from a series
finite-field ab initio calculations on an embedded CuO4 clus-
ter and it is in agreement with experimental estimates.58 The
environment polarization energy corresponding to the sit
tion represented byf i ,loc8 can be written as

Epol~f i ,loc8 !5 (
Op¹cluster

2
1

2
aOF

p
2~ i 8! , ~18!

d TABLE III. Singlet-displacement operator~in meV!. Effect of
the presence of a second hole in the neighborhood of the sing
0-7
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where FW p( i 8) is the electric field created by the holes
f i ,loc8 on the position of atomp. Including the polarization
effects for the two situations~two holes in NN and in NNN
positions! results in a decrease of the hole-hole repuls
difference toVNN2VNNN50.80 eV which remains a rathe
large value. From the linear cluster, it is possible to estim
the energy gain obtained when placing two holes in nNN
positions ~distance 2R) instead of adjacent positions~dis-
tance R!: VNN2VnNNN5Vab2Vac51.77 eV, with a final
value ofVNN2VnNNN51.47 eV once the environment pola
ization effects have been taken into account.

These values ofdifferencesbetween hole-hole repulsion
may seem very large and most of the calculations introd
ing this repulsion in at-J-V model usually take smaller val
ues (J,V,4J)27–29 when looking for the hole-pairing
mechanism. The above calculated values are smaller tha
corresponding electrostatic quantities calculated in a po
charge approximation:VNN2VNNN51.12 eV and VNN
2VnNNN51.90 eV. The delocalization of the holes on t
oxygen atoms should result in larger repulsions, especi
for VNN since the two holes share an oxygen atom, and
values, which exhibit a significant screening, do not se
unrealistic.

IV. INTERPRETATION OF THE HOLE DEPENDENCE OF
THE ONE BOND JNN AND tNN PARAMETERS

The two preceding sections indicate that the presenc
holes in the immediate vicinity of a bond may affect t
values of the spin coupling and of the hopping integral
this bond, and that this effect is anisotropic, i.e., does
only depend on the minimal distance of the hole to the ato
of the bond. Hence it seems important to rationalize th
effects if possible.

A. Rationalization from the two-band model

1. Hopping integral

The rationalization of this anisotropy is possible in term
of the two-band model. Thet hopping integral results from a
second-order effect~Fig. 10!, t scaling as

t;
tpd
2

DECT
, ~19!

whereDECT is the 2p O to 3d Cu charge-transfer excitatio
energy, that is, the energy difference between the cha
transfer and the model space states. In presence of an
tional hole, the energies of the model space determinantsf1
andf2 and of the intermediate charge-transfer statefCT will
be modified. The model space determinant energies ar
longer degenerate and one shall take their mean energy a
zero-order energy. Let consider now the effect on the b
directed alongx of an adjacent hole placed either on they
direction, as occurs in the plaquette, or on thex axis, as in
the linear cluster@Figs. 7~a! and 7~b!, respectively#. In the
situation of Fig. 7~a!, the change of the zero-order mea
electrostatic energy due to the hole isdE05(A211)/2A2R
50.85/R. In the corresponding charge-transfer state
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mean electrostatic energy with the hole isdECT52/A5R
50.89/R, i.e., the excitation energyDECT8 is increased by a
small quantity,

DECT8 5DECT1dECT2dE05DECT1
0.04

R
, ~20!

which should diminish slightly the absolute value of the ho
ping integral. In contrast, for the situation of Fig. 7~b!, dE0

53/4R and dECT52/3R hence DECT8 5DECT20.08/R
which should increase the absolute value oft, in agreement
with our calculation.

This analysis is quite rudimentary, it neglects the possi
effects of the polarization of the orbitals on thetpd integrals
and rests on a crude evaluation of the electrostatic effect
the denominators~holes considered as centered on Cu sit
neglecting their oxygen character!, but it seems to agree with
the computed trends.

2. Magnetic coupling

The same kind of analysis may be attempted for theJNN
coupling constant. In the two-band model, the spin excha
between Cua and Cub results from an interaction through th
bridge oxygen atoms. In a first step an electron is transfe
between the oxygen atom and one of the Cu atoms. In
11 the open circle represents a bridge oxygen atom
closed circles are the copper atoms as in Fig. 10. The
pathway corresponds to an electron transfer between the
gen and the Cua atom. On the bottom pathway, the oxyge
electron jumps in the opposite direction, toward the Cb
atom. In absence of a hole in the neighborhood, both si
tions have the same energy:DECT15DECT25DECT .

In the next step, an electron is transferred from the
atom (b in the top pathway,a in the bottom! to the oxygen
atom. Notice that the resulting determinants are the io
forms uaāu andubb̄u, which energiesU1 andU2 correspond-
ing to the Coulombic repulsion of two electrons placed in t
same 3d orbital are equal in the undoped system,U15U2
5U. Following this perturbative development, the magne
coupling is a fourth-order quantity:

JNN

2
5

22tpd
4

U~DECT!2
. ~21!

Adding an external hole will not modify the electrostat
zero-order energy, but will affect the energies of all interm
diate states, so that the coupling becomes

JNN

2
5

2tpd
4

DECT1
2

•

1

U1
1

2tpd
4

DECT2
2

•

1

U2
, ~22!

where the first term corresponds to the top pathway and
second term to the bottom one. Notice that whileDECT1
5DECT1dECT1 and DECT25DECT1dECT2 have no rea-
son to be related,U15U1dU and U25U2dU whatever
the outer charge distribution. The effective coupling is the
fore
0-8



t

th

re

an
nc

he

o-
l
ee

he

an

m-
s-
es
s to
-

ring
ne.

s
rall

ger

o iag-

ng
to a

s.

s

PROPOSAL OF AN EXTENDEDt-J HAMILTONIAN FOR . . . PHYSICAL REVIEW B 63 214520
JNN

2
52tpd

4 S 1

~DECT1dECT1!2
•

1

U1dU

1
1

~DECT1dECT2!2
•

1

U2dU D . ~23!

To the first order indU/U and dECT /DECT develop-
ments, one gets

JNN

2
5

22tpd
4

U~DECT!2 S 12
dECT1

DECT
2

dECT2

DECT
2

dU

U
1

dU

U D
1O~2!. ~24!

The effect of the additional hole~s! will go through their
electrostatic interaction in the charge-transfer states. For
perpendicular situation~Fig. 12! dECT150.187/R and
dECT2520.105/R. Hence, dECT11dECT250.082/R and
JNN is diminished by the presence of the adjacent hole in
perpendicular direction, as observed in the correspondingab
initio calculations (DJNN /JNN5217%).

Oppositely, in the linear situation the quantities a
dECT151/6R and dECT2521/3R, so dECT11dECT2
521/6R is a negative quantity, hence the coupling const
should be increased. This is actually observed si
DJNN /JNN5125%. The variation ofJNN in the linear model
is of the right sign and its amplitude is larger than for t
perpendicular orientation.

3. Singlet-displacement operator

The same kind of rationalization applies to the tw
electron/three-center operatorhSD

abc . In the one-band mode
as shown in Fig. 13, where only the Cu atoms have b
included, the electron placed in sitea is transferred to siteb,
followed by a second transfer towardc.

FIG. 8. Schematic representation of the singlet-displacement

erator. The local singletab̄ is displaced tobc̄, the hole moving
from c site toa site.

TABLE IV. Hole-hole repulsions~in eV!. Values in parenthese
take into account the polarizability of the outer environment
21452
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This effect scales astNN
2 /U8, where U85U22Vab

1Vac , Vi j being the electrostatic interaction between t
charges~with respect to the basic undoped distribution!. The
denominator will be smaller for the linear configuration th
for the perpendicular one sinceVac is larger (1/A2R instead
of 1/2R). This may explain the difference between the a
plitudes ofhSD

abc found in the plaquette and in the linear clu
ter ~Table III!. The more realistic two-band model introduc
an alternative mechanism, since there exist two pathway
go from uab̄u to ubc̄u, both involving electron-transfer pro
cesses between the Cu and oxygen atoms,~cf. Fig. 14, where
sites I and II correspond to oxygen atoms!.

The bottom pathway corresponds to the process appea
in the one-band model, which is not the case for the first o
Explicitly, the excitation energies are

DE15Ed2Ep2Up5DECT2Ud1
2

R
, ~25!

DE252Ed22Ep1Up22Up2
4

R
1VI ,II

52DECT2Ud1VI ,II , ~26!

DE35Ed2Ep2Up1Ud2
3

R
1Va,II 5DECT2

1

R
1Va,II ,

~27!

DE185DE3 , ~28!

DE285Ud2
2

R
1Vac . ~29!

It is likely that DE28.DE2, i.e., that the bottom pathway ha
a larger contribution to the singlet displacement. The ove
effect is

hSD
abc5

tpd
4

DE18
S 1

DE1
•

1

DE2
1

1

DE18
•

1

DE28
D , ~30!

i.e., of the same order of magnitude asJNN . Regarding the
orientation effect it is clear that the denominators are lar

p- FIG. 9. The singlet-displacement operator acting over the d
onal of the plaquette.

FIG. 10. Two-band model hole hopping mechanism, involvi
an intermediate charge-transfer state. Open circle corresponds
bridge oxygen atom, and the closed circles to the copper atom
0-9
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CARMEN J. CALZADO AND JEAN-PAUL MALRIEU PHYSICAL REVIEW B63 214520
for the perpendicular orientation than for the linear one, d
to the hole-hole repulsionsVI ,II , Va,II , and Vac , and it is
expected thathSD

abc will be larger for the linear orientation, a
found in the numericalab initio calculations (280 meV and
240 meV, respectively!.

B. Further exploration of the influence of the hole„s… on JNN

and tNN

In order to evaluate this influence, larger clusters wo
have to be considered, which is beyond our computatio
possibilities~the preceding CI expansions frequently rea
107 determinants!, and a simpler procedure has to be used
the present set of calculations, binuclear Cu2O7 clusters have
been chosen as before, adding one or two additional p
charges on Cu sites of the environment, which become C13

centers, in order to grossly mimic the effect of the holes.
first-neighbor holes, this is a rather crude approximation,
its relevance has to be tested by comparison with the pr
ously reported four- and three-center calculations. Actua
for a perpendicular position of the holeJNN5115 meV
~compared to 104 meV in the plaquette!. For a colinear hole
JNN5175 meV, compared to 156 meV in the linear clust
Hence the anisotropy of the first-neighbor hole is qual
tively reproduced. As an additional confirmation we ha
calculated the effect of two holes in the plaquette and we
the same valueJNN593 meV as for the two-hole-containin
plaquette. Table V gives the results forJNN concerning a
series of possibilities with one remote hole, two holes
different positions, together with the variation of the elect
static energy in the intermediate charge transfer states
respect to the nondoped case, expressed in eV. Figure 1~a!
shows the correlation between the calculatedJNN value with
the variation of the electrostatic energydECT11dECT2 in the

FIG. 11. Two-band model spin-exchange mechanism, with
pathways involving charge transfer states.
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intermediate charge-transfer states. The correlation is q
satisfactory and suggests the following law in eV:

JNN50.13120.053~dECT11dECT2!. ~31!

An analogous fit of the hopping integral dependence on
variation of the electrostatic energy in the intermedia
charge-transfer statedECT2dE0 has been attempted from
the values oftNN ~Table V! calculated on binuclear com
plexes in presence of external hole~s!. The correlation is less
satisfactory@Fig. 15~b!#. The distortions of the active orbital
in presence of these close holes should be non-negligible
should affect the amplitudes of the hopping integral in
rather complex manner. However, it seems simpler to sea
for a linear law rather than to produce and handle a dic
nary of operator amplitudes considering exhaustively all p
sible occurrences. We therefore propose the following fit
eV for the first-neighbor hopping integral:

tNN520.52110.187~dECT2dE0!. ~32!

V. DISCUSSION AND CONCLUSIONS

The numerical results obtained here above suggest
the usualt-J or t-J-V model Hamiltonians neglect importan
physical effects, which should be incorporated into an
tended model Hamiltonian. The main deviations from thet-J
Hamiltonian are the following:

~i! The inclusion of the second-neighbor hopping,tNNN
.1110 meV. The third-neighbor interactiontnNNN.240
meV could tentatively be omitted. Recent analysis of ang
resolved photoemission spectroscopy data has shown
both tNNN and tnNNN are necessary for understanding t
dispersion and line shape of the spectral function in thet-J
model.26 Tohyamaet al.25 have estimated the ratiotNNN /tNN
andtnNNN/tNN to be20.12 and 0.08, respectively, by fittin
the tight-binding Fermi surface to the experimental one

o

FIG. 13. One-band model representation of the sing
displacement operator.
s-
r

FIG. 12. Two-band model
spin-exchange mechanism in pre
ence of a hole in a perpendicula
position.
0-10
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FIG. 14. Two-band model rep
resentation of the singlet
displacement operator. In thi
case, the mechanism involve
charge-transfer intermediat
states.
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the overdoped sample59 on the assumption that in the ove
doped region the Fermi surface of the tight-binding band
the same as that of thet-t8-t9-J model. The values propose

TABLE V. Magnetic coupling and hopping integral in binuclea
clusters with hole~s! in adjacent position~s! and intermediate state
energies~all in eV!.
21452
s
here are in good agreement with these ratio:tNNN /tNN
520.19 andtnNNN/tNN50.08 but not with the ratioJ/tNN
proposed by these authors (J/tNNTohyama

50.4 vs J/tNN

50.22).
~ii ! The singlet displacement operatorhSD has to be taken

into account, at least for the colinear displacement, si
hSD.280 meV.

~iii ! The hole-hole repulsion appears to be far from ne
ligible. Due to possible screening effects and electrost
mean cancellations by the Sr ions, it is certainly reasona
to neglect the hole-hole repulsions beyond the third nei
bors. Even if the calculated valuesVNN2VNNN50.8 eV and
VNN2VnNNN51.5 eV were somewhat exagerated, these
teractions certainly play an important role.

~iv! The magnetic coupling and hopping integral betwe
adjacent atoms depend in a stereospecific manner on the
istence and position of hole~s! in the immediate vicinity. A
simple correlation with the electrostatic energies of the int
mediate ligand to metal charge-transfer states has been
posed resulting in simple formulas, which should be used

FIG. 15. Linear correlation between the calculated first-neigh
interactions in binuclear clusters and the change of the electros
energy in the intermediate charge-transfer states~in eV!: ~a! on the
top, JNN versus dECT11dECT2; ~b! on the bottom,tNN versus
dECT2dE0.
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CARMEN J. CALZADO AND JEAN-PAUL MALRIEU PHYSICAL REVIEW B63 214520
a realistic model Hamiltonian. From the exploratory calcu
tions appearing in Table V, and for the sake of simplicity
seems sufficient to consider the first neighbors of the bon
the calculation of the electrostatic energy changesdECT1
1dECT2 and dECT2dE0 appearing in formulas~31! and
~32!, respectively.

One may therefore propose the following extendedt-J
model Hamiltonian:

H5 (
^pq&

NN

t~dE!•~ap
†aq1aq

†ap1s.c.!d~np1nq ,1!

2J~dE!•~Sp•Sq!1 (̂
pr&

NNN

tNNN•~ap
†ar1ar

†ap1s.c.!

3d~np1nr ,1!2JNNN•~Sp•Sr !1 (
^pqrs&

plaquette

K•@~Sp•Sq!

3~Sr•Ss!1~Sp•Ss!~Sq•Sr !2~Sp•Sr !~Sq•Ss!#

1 (
^pqr&

connected

hSD
pqr

•~ap
†aq̄

†
aqar̄1ar

†aq̄
†
aqap̄2ap

†aq̄
†
araq̄

2ar
†aq̄

†
apaq̄1s.c.!d~np1nq1nr ,2!

1 (
pq

<nNNN

Vpq•d~np,0!•d~nq,0!.

In this Hamiltonian,t(dE) andJ(dE) reflect the dependenc
of the first-neighbor interactions on the number and posi
of the adjacent holes, which is controlled by the ene
changes in the charge-transfer intermediates. The sec
neighbor interactions are not influenced by the presenc
adjacent holes and the displacement of a singlet takes p
toward an adjacent hole, so the positions occupied by
singlet and the hole have to be connected.

The here-proposed modifications with respect to the u
t-J or t-J-V Hamiltonians are important. We would like t
point out that some local physical effects evidenced in
present work may have an impact on the spatial orderin
Z

n

r
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charges and spins and on their dynamics. In a crude s
look at this problem one may notice that stripping separat
of charges and spins~i! favors the mobility of holes in the
charged column, sincet and J values become especiall
larger,~ii ! leads to a stronger magnetic coupling in the bon
perpendicular to the stripes~with a trend to form singlets on
these bonds!. The last two effects would result from th
three-body corrections ont and J created by the adjacen
holes. Finally,~iii ! the mobility of the stripes can be en
hanced by the second-neighbor hopping integral and by
singlet displacement operator.

The present work was concentrated on the La2CuO4 lat-
tice only. However the here-evidenced three-body or n
nearest-neighbor two-body operators should be presen
similar materials, which may present a variety oft and J
values. The discussed mechanisms leading to the thes
fects actually are not specific of the La2CuO4 lattice. Explor-
ing their amplitudes on other lattices would be a valua
task. The other prospect would be to introduce our exten
t-J Hamiltonian in numerical simulations of the collectiv
properties of the lattice. It should be stressed that the bo
neck of such calculations is the length of the wave-funct
vector, which is unchanged with respect to the originalt-J
Hamiltonian, the additional terms simply slowing slightly th
speed of the computations of the action of the Hamilton
on the vector, at each iteration.
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tique is ‘‘Unité Mixte de Recherche UMR 5626 du CNRS.
s

.
y

,

-

ys.
*On leave from Departamento de Quı´mica Fı́sica, Universidad de
Sevilla, E-41012 Sevilla, Spain.

1P. E. Sulewski, P. A. Fleury, K. B. Lyons, S.-W. Cheong, and
Fisk, Phys. Rev. B41, 225 ~1990!.

2R. P. Singh, P. A. Fleury, K. B. Lyons, and P. C. Sulewski, Phy
Rev. Lett.62, 2736~1989!.

3G. Aeppli, S. M. Hayden, H. A. Mook, Z. Fisk, S.-W. Cheong, D
Rytz, J. P. Remeika, G. P. Espinosa, and A. S. Cooper, Ph
Rev. Lett.62, 2052~1989!.

4Y. Endoh, K. Yamada, R. J. Birgeneau, D. R. Gabbe, H. P. Je
sen, M. A. Kastner, C. J. Peters, P. J. Picone, T. R. Thurston
M. Tranquada, G. Shirane, Y. Hidaka, M. Oda, Y. Enomoto, M
Suzuki, and T. Murakami, Phys. Rev. B37, 7443~1988!.

5S. M. Hayden, G. Aepply, R. Osborn, A. D. Taylon, T. G. Pe
ring, S. W. Cheong, and Z. Fisk, Phys. Rev. Lett.67, 3622
~1991!.

6J. B. Parkinson, J. Phys. C2, 2012~1969!.
.

.

s.

s-
J.
.

7C. M. Canali and S. M. Girvin, Phys. Rev. B45, 7127~1992!.
8M. Roger and J. M. Delrieu, Phys. Rev. B39, 2299~1989!.
9E. Gagliano and S. Bacci, Phys. Rev. B42, 8772~1990!.

10E. Dagotto and D. Poilblanc, Phys. Rev. B42, 7940~1990!.
11F. Nori, E. Gagliano, and S. Bacci, Phys. Rev. Lett.68, 240

~1992!.
12J. Eroles, C. D. Batista, S. B. Bacci, and E. R. Gagliano, Ph

Rev. B59, 1468~1999!.
13J. Lorenzana, J. Eroles, and S. Sorella, Phys. Rev. Lett.83, 5122

~1999!.
14Y. Honda, Y. Kuramoto, and T. Watanabe, Phys. Rev. B47, 11

329 ~1993!.
15T. Sakai and Y. Hasegawa, Phys. Rev. B60, 48 ~1999!.
16J. P. Malrieu and D. Maynau, J. Am. Chem. Soc.104, 3021

~1982!.
17D. Maynau and J. P. Malrieu, J. Am. Chem. Soc.104, 3029

~1982!.
0-12



B

B

to

e

S
A.

.

nc

P

hy

ys

J

lk

a

l
.
ce

m.

or-
sys-
the
be

the
tes
at-
by

ys.
-
he
trix

u, J.

lol,

l, J.

l, J.

a,

and

B

on,

oc.

,

tt.

PROPOSAL OF AN EXTENDEDt-J HAMILTONIAN FOR . . . PHYSICAL REVIEW B 63 214520
18A. H. MacDonald, S. M. Girvin, and D. Yoshioka, Phys. Rev.
37, 9753~1988!.

19A. H. MacDonald, S. M. Girvin, and D. Yoshioka, Phys. Rev.
41, 2565~1990!.

20V. J. Emery and G. Reiter, Phys. Rev. B38, 4547~1988!.
21F. C. Zhang and T. M. Rice, Phys. Rev. B37, 3759~1988!.
22F. C. Zhang and T. M. Rice, Phys. Rev. B41, 7243~1990!.
23S. White and D. J. Scalapino, cond-mat/0006071~unpublished!.
24G. B. Martins, J. C. Xavier, C. Gazza, M. Vojta, and E. Dagot

Phys. Rev. B63, 014414~2001!.
25T. Tohyama, S. Nagai, Y. Shibata, and S. Maekawa, Phys. R

Lett. 82, 4910~1999!.
26C. Kim, P. J. White, Z.-X. Shen, T. Tohyama, Y. Shibata,

Maekawa, B. O. Wells, Y. J. Kim, R. J. Birgeneau, and M.
Kastner, Phys. Rev. Lett.80, 4245~1998!.

27C. Gazza, G. B. Martins, J. Riera, and E. Dagotto, Phys. Rev
59, R709~1999!.

28J. Riera and E. Dagotto, Phys. Rev. B57, 8609~1998!.
29J. H. Han, Q. H. Wang, and D. H. Lee, cond-mat/0006046~un-

published!.
30For a recent review, see J. Orenstein and A. J. Millis, Scie

288, 468 ~2000!.
31I. de P. R. Moreira, F. Illas, C. J. Calzado, J. F. Sanz, J.

Malrieu, N. Ben Amor, and D. Maynau, Phys. Rev. B59, R6593
~1999!.

32C. J. Calzado, J. F. Sanz, J. P. Malrieu, and F. Illas, Chem. P
Lett. 307, 102 ~1999!.

33C. J. Calzado, J. F. Sanz, and J. P. Malrieu, J. Chem. Phys.112,
5158 ~2000!.

34C. Bloch, Nucl. Phys.6, 329 ~1958!.
35S. F. Boys, Rev. Mod. Phys.32, 306~1960!; S. F. Boys, inQuan-

tum Theory of Atoms, Molecules and Solid State, edited by P.-O.
Lodwin ~Academic Press, New York, 1966!.

36J. des Cloizeaux, Nucl. Phys.20, 321 ~1960!.
37N. W. Winter, R. M. Pitzer, and D. K. Temple, J. Chem. Phys.86,

3549 ~1987!; 87, 2945~1987!.
38Clusters Models for Surface and Bulk Phenomena, edited by G.

Pacchioni and P. Bagus~Plenum, New York, 1992!.
39J. Casanovas, J. Rubio, and F. Illas, Phys. Rev. B53, 945~1996!.
40A. B. van Oosten, R. Broer, and W. C. Nieuwpoort, Chem. Ph

Lett. 257, 207 ~1996!.
41F. Illas, I. de P. R. Moreira, C. de Graaf, O. Castell, and

Casanovas, Phys. Rev. B56, 5069~1997!.
42R. L. Martin and F. Illas, Phys. Rev. Lett.79, 1539~1997!.
43H. M. Evjen, Phys. Rev.39, 675 ~1932!.
44R. L. Martin and P. J. Hay, J. Chem. Phys.98, 8680~1993!; R. L.

Martin, ibid. 98, 8691~1993!; Phys. Rev. B53, 15 501~1996!;
ibid. 54, R9647~1996!; in Clusters Models for Surface and Bu
Phenomena, edited by G. Pacchioni and P. Bagus~Plenum, New
York, 1992!.

45For instance, M. A. Nygren, L. G. M. Pettersson, Z. Barandiar´n,
and L. Seijo, J. Chem. Phys.100, 2010~1994!; M. Pohlchen and
V. Staemmler, J. Chem. Phys.97, 2583~1992!.

46For metallic atoms, theab initio relativistic core model potentia
proposed by Barandiara´n @Z. Barandiara´n and L. Seijo, Can. J
Phys. 70, 409 ~1992!# has been used, where the Cu valen
21452
,

v.

.

B

e

.

s.

.

.

electrons are described by a (9s6p6d)/@3s3p4d# basis set. For
the oxygen atoms, an all electron basis set (10s5p) contracted to
@3s2p# is employed@T. H. Dunning, Jr., J. Chem. Phys.53,
2823 ~1970!; T. H. Dunning, Jr. and P. J. Hay, inMethods of
Electronic Structure Theory, edited by H. F. Schaefer III, Vol. 2
~Plenum Press, New York, 1977!#.

47J. Miralles, O. Castell, R. Caballol, and J. P. Malrieu, Che
Phys.172, 33 ~1993!.

48Two different strategies have been used to define the active
bitals, magnetic and ligand-centered orbitals. For undoped
tems, where the magnetic orbitals are well represented by
Hartree-Fock eigenvectors, the ligand-centered orbitals can
rationally determined as eigenvectors of the difference of
density matrices, corresponding to the low-lying eigensta
~Ref. 49!. For doped clusters, where the role of the oxygen
oms is more important, the active orbitals are redefined
means of an iterative procedure~iterativeDDCI, IDDCI! @V. M.
Garcı́a, O. Castell, R. Caballol, and J. P. Malrieu, Chem. Ph
Lett. 238, 222 ~1995!#. Starting with the previously defined or
bitals, one performs the single-excitation CI on the top of t
minimal CAS. The diagonalization of the average density ma
for the relevant eigenstates providesreviseddoubly and partially
occupied MO’s, i.e., hole-adaptedcore orbitals and valence or-
bitals, with an appropriate hybridization of the Cu 3d and O 2p
orbitals.

49For a variational development, see C. J. Calzado, J. P. Malrie
Cabrero, and R. Caballol, J. Phys. Chem. A104, 11 636~2000!.
For the perturbative formulations, see J. Miralles, R. Cabal
and J. P. Malrieu, Chem. Phys.153, 25 ~1991!; O. Castell, R.
Caballol, V. M. Garcı´a, and K. Handrick, Inorg. Chem.35, 1609
~1996!; C. J. Calzado, J. F. Sanz, O. Castell, and R. Caballo
Phys. Chem. A101, 1716~1997!.

50J. Cabrero, N. Ben Amor, C. de Graaf, F. Illas, and R. Caballo
Phys. Chem. A104, 9983~2000!.

51S. Uchida, T. Ido, H. Takagi, T. Arima, Y. Tokura, and S. Tajim
Phys. Rev. B43, 7942~1991!.

52H. Schmidt and Y. Kuramoto, Physica C167, 263 ~1990!.
53M. Matsuda, K. Katsumata, R. S. Eccleston, S. Brehmer,

H.-J. Mikeska, J. Appl. Phys.87, 6271~2000!.
54Y. H. Wang, M. D. Newton, and J. W. Davenport, Phys. Rev.

46, 11 935~1992!.
55M. Hybertsen, E. B. Stechel, M. Schluter, and D. R. Jennis

Phys. Rev. B41, 11 068~1990!.
56J. H. Van Vleck, Phys. Rev.33, 467 ~1929!; B. H. Brandow, Int.

J. Quantum Chem.15, 207 ~1979!.
57H. Eskes and J. H. Jefferson, Phys. Rev. B48, 9788~1993!.
58R. Kirsch, A. Gérard, and M. Wautelet, J. Phys. C7, 3633~1974!.
59A. Ino, C. Kim, T. Mizokawa, Z. X. Shen, A. Fujimori, M.

Takaba, K. Tamasaku, H. Elisaki, and S. Uchida, J. Phys. S
Jpn.68, 1496~1999!.

60 K. Andersson, M. R. A. Blomberg, M. P. Fu¨lscher, G. Karlstro¨m,
R. Lindh, P. A. Malmqvist, P. Neogra´dy, J. Olsen, B. O. Roos
A. J. Sadlej, M. Schu¨tz, L. Seijo, L. Serrano-Andre´s, P. E. M.
Siegbahn, and P. O. Widmark,MOLCAS version 4, Lund Univer-
sity, Sweden, 1997.

61CASDI program, N. Ben Amor, and D. Maynau, Chem. Phys. Le
286, 211 ~1998!.
0-13


