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Electrons in high-Tc compounds: Ab initio correlation results
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Electronic correlations in the ground state of an idealized infinite-layer high-Tc compound are computed
using theab initio method of local ansatz. Comparisons are made with the local-density approximation results,
and the correlation functions are analyzed in detail. These correlation functions are used to determine the
effective atomic-interaction parameters for model Hamiltonians. On the resulting model, doping dependencies
of the relevant correlations are investigated. Aside from the expected strong atomic correlations, particular spin
correlations arise. The dominating contribution is a strong nearest-neighbor correlation that is Stoner enhanced
due to the closeness of the ground state to the magnetic phase. This feature depends moderately on doping, and
is absent in a single-band Hubbard model. Our calculated spin-correlation function is in good qualitative
agreement with that determined from the neutron-scattering experiments for a metal.@S0163-1829~98!03339-6#
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I. INTRODUCTION

The theoretical understanding of the microscopic el
tronic properties of the high-Tc compounds is still incom-
plete. The onlyab initio methods that so far have been a
plied to these compounds are based on the local-den
approximation~LDA ! within the framework of the density
functional formalism.1,2 These fail to describe some of th
basic properties like the magnetic transition or the magn
correlations~for a review see Ref. 3!. Consequently, simpli-
fied models have been used that are mostly restricted
single band of strongly correlated electrons, and show
Mott-Hubbard localization transition at half-filling. Thes
seem to explain some of the magnetic properties but t
microscopic connection to the full Hamiltonian has not y
been fully established~for a review see Ref. 4!.

Here, we present the first application of the local ans
~LA ! to these materials. The LA is anab initio method for
the treatment of the correlated electronic ground state
solids.5,6 It contains no homogeneous-electron-gas-like
proximation whatsoever, and consequently has no probl
in overlooking magnetism. The LA yields not only groun
state energies or densities but also detailed correlation f
tions. In particular, we present the detailed intraplanar co
lation features relevant for all high-Tc compounds. Of
specific interest are the magnetic correlations. We comp
the frequency integrated momentum dependent inela
magnetic neutron scattering intensity measured
La0.85Sr0.15Cu2O4 ~Ref. 7! to the LA results and connect it t
a specific correlation.

The LA is similar to quantum chemistry~QC! methods,
which provide a satisfying description of electrons in sm
molecules. It allows us to extend the QC accuracy to so
calculations. Like most of these methods, the LA adds c
relations as corrections to a single-particle self-consist
field ~SCF! ground state obtained from a Hartree-Fock~HF!
calculation where the electrons are described in a restri
single-particle basis of Gaussian-type orbitals~GTO’s!. The
HF computation for the solid is performed by the progra
CRYSTAL92.8 At present, the LA is the onlyab initio correla-
tion scheme available that makes use of this HF progr
Unlike the QC methods, the LA allows a quantitative tre
PRB 580163-1829/98/58~15!/9826~19!/$15.00
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ment of electronic correlations for solids, independent
their nature, i.e., whether they are insulators or metals.
LA can do so because it does not attempt to cover the c
plete spaces of one- or two-particle excitation operators
QC methods usually do, but considers the local characte
the relevant correlations from the very outset. It can be s
as an appropriate generalization of the Jastrow ansatz9 to
inhomogeneous systems.

Every correlation operator in the LA scheme has a v
specific meaning. It is constructed from pairs of local orb
als, each of which is connected with a single atom. Con
quently, all of the incorporated correlation corrections a
separated into those on single atoms and those between
pairs. The full correlation treatment can be segmented
partitioned with the individual atoms as the smallest ava
able subunit. The correlation operators and their treatm
are essentially independent of the nature of the SCF gro
state, i.e., whether this be metallic or otherwise. Such a
strictive choice for correlation operators leads to a stro
reduction in the correlation-operator space and thus subs
tially facilitates computations. Necessarily, it admits a sm
loss of the correlation energy available in a full treatme
within a given basis set. From previous calculations, this l
is known to be only 2%, independent of the system size.6

The LA was used before for extended molecules such
C60,

10 three-dimensional semiconductors,11 and ionic
insulators,12 as well as one-dimensional~polyacetylene13!,
two-dimensional~graphite14!, and three-dimensional meta
@Li ~Ref. 15!#. The calculations presented in this work co
cern the first application of the LA to a metallic transitio
metal compound.

The ab initio results also can be used to derive mod
Hamiltonians that are based on atomic degrees of freed
The ab initio correlation functions obtained from the LA
allow us in particular, to unequivocally determine the mod
interaction parameters.16 This feature enables us to exten
correlation calculations to problems that are still out of rea
for ab initio LA calculations, and further to make compar
sons to models determined by other methods. T
is particularly relevant to the high-Tc compounds, the prop
erties of which are often addressed by means of mo
calculations.
9826 © 1998 The American Physical Society
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Models based on atomic degrees of freedom consis
selected sets of orthogonalized atomic orbitalsi that are re-
lated by hopping terms. The interaction part of the Ham
tonian,Hint

mod, is usually restricted to local interactions

Hint
mod5(

i
Uini↑ni↓ ~1!

for two electrons in the same orbitali . Each interaction-
energy parameterUi dominantly influences a particular co
relation function of the correlated ground stateCcorr for
such a model, namely,^Ccorruni↑ni↓uCcorr&, or equivalently
the change of this correlation function due to correlations

D i~corr !5^Ccorruni↑ni↓uCcorr&2^CSCFuni↑ni↓uCSCF&.
~2!

Here, CSCF represents the SCF ground state of the mod
As for theab initio treatment, the model ground state is al
computed by means of the LA.D i(corr) equals zero forUi
50 and rises continuously withUi . When multiplied with
Ui , it is a measure of the interaction energy. This is
relevant relative quantity, when symmetry is broken due
the atomic interactions, and a magnetic or structural ph
transition occurs. In such a case, states are compared
differ in those atomic fluctuations. These energy costs du
local charge fluctuations are also relevant in the contex
Compton scattering, secondary, or shake up peaks in ph
emission or core spectroscopy. For the transition metal
turns out that the same model interactions are needed fo
description of all these properties.17–20

With the unequivocally defined orthogonalized atomic
bitals available in theab initio calculation~see Sec. II!, this
same correlation function can be determined from theab
initio calculation. The model interactionUi can thus be fixed
by demanding that the corresponding model correlation c
rectionsD i(corr) agree to the sameab initio quantities. This
connection can also be used to analyze screening detail
tering such a model interaction. By adding stepwise parti
lar screening contributions in theab initio calculations, we
will determine how the model interaction arises, starti
from the bare Coulomb interaction. Such an investigat
was in the past performed forp-electron interactions in or
ganic compounds.16

For the high-Tc materials,ab initio correlation functions
have not yet been available. Model interactions, howev
have been computed from the LDA calculations in a diff
ent approximation, by freezing specific charges on individ
atoms and relaxing the environment. For the most exten
model that has been used in this context, a three-band m
the two interaction parameters, namely, an effective lo
interactionUd between the Cu3d-electrons, and an interac
tion Up between the O2p electrons have been obtained
this way.21–23 These interactions have then been used to
tend the LDA calculations to magnetic properties@by means
of the so-called LDA1U method or by the self-interactio
correction~SIC! calculations#.24 Model calculations based o
these interactions yield photoemission results that are in v
good agreement with experiment.25 This agreement is in con
trast to the case of, in particular, the middle of the transiti
metal series where effective interactions obtained by
LDA do not match the interactions needed for the descript
of
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of the above-mentioned properties of these systems~for a
comparison, see Ref. 16!. For the high-Tc compound that we
shall deal with, we will make a comparison between t
effective interactions obtained by the LA and by the LDA.
is the first of its kind because for the systems treated so
by the LA no LDA interactions are available. The compa
son will shed additional light on the transition-metal case

For simpler single-band models, interactions have so
been mostly guessed, or obtained by means of fits to spe
experiments. Often, they are deduced from the LDA thr
band models. However, usually the strong interaction fou
by the LDA is the only transferred quantity. The Cu3dx22y2

occupation of 1.5 of the LDA~Ref. 24! was usually replaced
by occupations smaller than 1.2.4 Only under such condi-
tions, a Mott-Hubbard scenario applies.26

This paper is organized as follows. In Sec. II, a sh
description of the LA and of its possible shortcomings
connection with its application to high-Tc compounds is
given. Section III contains a detailed discussion of theab
initio computation and an analysis of the correlation fun
tions. These calculations are performed for an idealized h
Tc compound, the so-called infinite-layer system. Where
possible, comparison to the LDA results is made. Secti
IV and V deal with the computation of the model intera
tions. The former section contains, in particular, a detai
account of the screening mechanisms for the 3d transition-
metal interaction. In Sec. VI, the dependencies of the m
important correlation features on band filling are inves
gated. This analysis is made on the model level. Theab initio
programCRYSTAL92 that is used for the SCF calculation
restricted to integer electron occupations per unit cell, an
small change of band filling on theab initio level would
demand large unit cells. Finally in Sec. VII, a comparison
neutron-scattering results for a metallic compound is ma
and the experimentally found inelastic scattering is co
nected to a particular correlation obtained by the LA calc
lation. A summary of our work is presented in the conclu
ing Sec. VIII.

II. COMPUTATIONAL DETAILS

The aim of the paper is a quantitative understanding of
electronic correlations relevant to all high-Tc compounds,
namely, those in the individual CuO plane. To simplify th
computations, the idealized compound SrCuO2 is treated. It
is a so-called infinite layer compound with CuO planes se
rated by layers of Sr ions. In the planes, the Cu atoms fo
a quadratic net with a separation of 3.925 Å, with the
atoms at equal distances between neighbor Cu atoms.
stacking distance, and the perpendicular Cu separa
amounts to 3.43 Å. The Sr ions have equal distance to f
Cu atoms in the two neighbor planes each. This compo
has the smallest possible unit cell containing four atoms. T
uppermost valence band is half filled. Therefore, the co
pound is expected to order antiferromagnetically. Our int
est, however, is in the correlations in the metallic state.
represent a doped metallic compound would require a v
much larger unit cell. Instead, the metastable nonmagn
state for the small unit cell is used as a starting point. T
approximation is justified because it is known from LD
calculations that the energy bands and Fermi surface of
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9828 PRB 58GERNOT STOLLHOFF
metastable half-filled metallic state are very close to the o
for the true metallic compounds.3,27

In a first approximation, this metastable metallic state
obtained from a restricted, non-symmetry-broken Hartr
Fock calculation for this compound, performed with theab
initio programCRYSTAL92.8 For the Cu and O atoms, goo
all-electron-GTO-basis sets are used. For Cu, this is a m
fied ~14,11,6! Ahlrichs basis,28 contracted to~6,4,2! orbitals.
From the original basis, the outermost diffuse functions w
removed, and the next exponents adjusted and reoptim
For O this is a~11,7! Huzinaga basis,29 the outermost expo
nents of which were contracted as was done before,11,12 plus
a set ofd orbitals. While the basis sets for the atoms in t
planes are of good quality and promise results for the
lence electrons close to the Hartree-Fock limit, this is not
case for the Sr atoms. The latter are represented by a l
core pseudopotential and a single 5s orbital.30 Here, the out-
ermost diffuse basis orbital also was removed. There is
need for such a treatment, but due to this choice, the ch
distribution and correlation analysis can be definitely
stricted to the degrees of freedom within the plane.

From the SCF calculation, the metallic single-partic
ground stateuCSCF& is obtained. Its Fermi surface is identic
to that of a LDA calculation for the same compound.27 Also
the uppermost energy band is similar to the equivalent L
band, except for an additional homogeneous spreading
almost a factor of 2 due to the nonlocal and nonscree
exchange. The nonlocal exchange also causes the lo
lying bands to be more separated from the uppermost h
filled band than in the LDA calculation. A presentation
such HF bands, obtained in a somewhat different basis
found in Ref. 31.

In a next step, correlations are added by the LA. Here,
following variational ansatz is made for the correlat
ground state:

uCcorr&5e2SuCSCF&, ~3!

S5(
n

hnOn ~4!

On55
ni↑ni↓
ninj

sW i•sW j

$ni↑~ai↓
† aj↓2aj↓

† ai↓!%1$↑↔↓%
ni .

~5!

The h’s serve as variational parameters. Thenis andsW i are
density and spin operators for an electron in the local s
ai↑

† , represented by the orbital

gi~rW !5(
j

g i j f j~rW !, ~6!

where thef i(rW) are the~GTO-like! basis orbitals. The opera
tors have an obvious meaning. The first operatorni↑ni↓ , for
example, when applied touCSCF&, projects out all configu-
rations with two electrons in orbitalgi(rW). In connection
with the variational parameterhn , as in Eq.~4!, it partially
suppresses those configurations. Similarly, the operatorsninj
s

s
-
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describe density correlations between electrons in local
bitalsgi(rW) andgj (rW). For the homogeneous electron gas,
ansatz with these two kinds of operators leads to the Jas
function.9 The operatorssW i•sW j generate spin correlations. Th
fourth kind of operator is of the form of@On ,H0#2 , where
H0 represents the single-particle Hamiltonian. In comparis
to the first three kinds of operators, which look like particu
interaction contributions, these operators refine the an
with respect to the band energy of the electrons involve6

Within the computation, the original operators of Eq.~5! are
modified by subtracting the contracted contributions in ea
of them. The corrected operators when applied touCSCF&
contain only two-particle excitations, and the corrected, l
kind of operator in Eq.~5! covers local single-particle exci
tations, i.e., it allows for changes in occupations.

The variational parametershn are chosen to optimize th
energy,

EG5
^CcorruHuCcorr&

^CcorruCcorr&
, ~7!

5^CcorruHuCcorr&c . ~8!

In the last equation, the subscriptc indicates that only con-
nected diagram contributions are summed up. This exp
sion cannot be evaluated exactly. The standard approxi
tion is an expansion in powers ofh, up to second order,

EG5ESCF1Ecorr, ~9!

Ecorr52(
n

hn^On
†H&, ~10!

052(
n

hn^On
†H&1(

n,m
hnhm^On

†HOm&c . ~11!

Here, ^A& means the expectation value of the operatorA
within uCSCF&. This approximation works only if the corre
lations are sufficiently weak. Disregarding the reduced s
space of correlation operators, the approximation used so
corresponds to a linearized coupled cluster singlet and d
blet ~LCCSD! treatment.32 It can be extended to a CCSD
treatment.33

The local orbitals in Eq.~6! are connected to a singl
atom only and are built from its basis orbitals. This is t
essential approximation of the LA.

In the present application, only atomic orbitals are co
structed. These are uniquely determined from the S
ground state by the condition that they are built from ba
orbitals on the respective atoms only and that they conta
maximal part of the occupied space. The resulting orbit
are next Lo¨wdin orthogonalized to each other. More loca
ized subatomic orbitals that are usually included in appli
tions of the LA are not used in this first application for
metallic high-Tc compound. Therefore, only interatomic co
relations are treated, i.e., correlations that are described
operators built from the atomic orbitals. Shorter-range
intra-atomic correlations, as well as particular polarizati
correlations, are not covered. From previous experience,
known that such contributions are not very relevant for
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topics of interest here. Estimated corrections due to the o
ted correlations will be given where they are nonnegligib

In the LA, the correlations are taken into account inc
mentally. The correlation energy is exactly expressed as
incremental sum over contributions from different sets
atom clusters,

Ecorr5 (
m51

N
1

m!

3H(
j 1

N

(
j 2

N

...(
j m

N

^Ecorr~Aj 1
Aj 2

...Aj m
!& iJ , ~12!

with j 1Þ j 2Þ...Þ j m ,

where theAj n
denote atoms, on and between which corre

tion operators are formed and it holds that, for example,

^Ecorr~A1A2!& i

5Ecorr~A1A2!2Ecorr~A1!2Ecorr~A2!, ~13!

i.e., the incrementŝ& i include only the changes of the co
relation energy due to the extended set represented. Tra
tion invariance and the particular local symmetry are ea
included by performing the above summation only over
subset of symmetry inequivalent clusters. For every com
tation, the exact solid single-particle expectation values
taken.

For the coverage of the interaction part, the local nature
the correlation operators allows a drastically simplifying
duction. In a finite basis set per atom representation, the
teraction is represented by a fourth-order tensor of basis
teraction matrix elements the indices of which extend o
the involved basis orbitals. The generation of this tensor
its handling are the limiting steps in a correlation calculatio
For the particular correlations on the set of atoms treated
required tensor can, to a very good approximation, be
stricted to these atoms plus all their nearest neighbors.
restriction makes all required computations easily feasi
Possible corrections due to lacking matrix elements are
cluded in computations extending over larger clusters. T
two largest clusters for which explicitab initio correlation
calculations were performed are depicted in Fig. 1. T
larger one consists of five active Cu atoms and four activ
atoms. The basis interaction matrix elements are comp
for the whole Cu5O16 cluster. As will be demonstrated, th
most relevant information can be satisfactorily obtained fr
correlation calculations extending up to this size of cluste

Two approximations made for the handling of the L
need further discussion in connection with the application
a high-Tc compound. The one is the restriction to weak c
relations while the high-Tc compounds are usually connecte
with a Mott-Hubbard transition. The LCCSD approximatio
in which the LA is computed, fails for the strongly correlate
half-filled band case. However, it does so in a controlla
way. For too strong correlations, the correlation correctio
turn too large and lead to negative density correlation fu
tions. The criterion of positive density correlations can
taken as an indication as to whether the LA results are
meaningful. Away from half-filling, the LA behaves bette
and for an almost empty band, it applies even for diverg
it-
.
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interaction. Also, a more quantitative test can be made. In
vidual correlation corrections such as the one due to a sin
correlation operatorni↑ni↓ can be computed variationally
i.e., exactly. Here, a comparison with the result of Eq.~11! in
the same operator subspace can be made, and the ove
mation of the correlation expansion can be quantified. Suc
variational calculation restricting to two-particle excitatio
has no meaning for the treatment of the full extended sys
(N) due to lack of size consistency. The resulting correlat
energy would scale likeAN. When such a variational com
putation is extended to more then a single operator, it
only give a lower limit to the correlation results. Earlierab
initio calculations with the LA for finite Cu-O clusters34 and
experience with successful LA model calculations for t
transition metals themselves35,17,18 have already indicated
that the range of applicability of the LA might well extend
the high-Tc materials.

The second approximation made is the restricted S
ground state that is used as a starting point, although
particular system chosen is known to be antiferromagn
cally ordered. The LCCSD approximation is sensitive to a
tiferromagnetic order. This is in contrast to standard pert
bation expansions, and can be seen by resolving the LCC
equation~11!, leading to

Ecorr52(
nm

^On
†H&~^O†HO&c!nm

21^Om
†H&. ~14!

FIG. 1. Schematic representation of the two largest clusters
which interaction matrix elements for the basis orbitals were g
erated. Cu atoms are denoted by crosses, O atoms for which c
lation operators were included are denoted by filled circles, whil
atoms that contributed only to theVi jkl are denoted by open circles
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9830 PRB 58GERNOT STOLLHOFF
The denominator contains the exact two-particle excitat
energies. If the restricted SCF ground state turns unstable
susceptibility diverges for a particular wave vector, and c
sequently two-particle excited states must exist with ener
degenerate to or even lower than the SCF ground-state
ergy. With sufficiently extended sets of correlation operato
the matrix ^OHO& is no more positive definite, and th
scheme turns unstable. From such a calculation, also
smallest set of correlation operators may be determined
leads to instability. In particular, a lower limit for the size
stable magnetically ordered domains can be obtained.
holds true as long as the phase transition from the meta
the insulator as a function of occupation is second orde
the transition is first order, then the computation in the me
stable metallic state is still relevant for the doped meta
state but might lack information about the magnetic orde

III. RESULTS OF THE CORRELATION CALCULATIONS

We will next present theab initio results of the LA in
separate chapters for correlation energies, charge dist
tions, and particular correlation functions. In all cases, par
correlations are consecutively added, starting from ato
terms, and extending up to the longest-range correlations
cluded, namely, the ones between third-nearest-neighbo
atoms.

A. Detailed correlation energies

In Table I, the contributions of the different classes
operators to the correlation energy are displayed. The se
operators are grouped into those on individual atoms
those between different atoms. For the latter cases, the
tion of spin operator contributions is also given. As expect
the largest overall energy gain is due to the on-site or ato
correlations. Here, the largest part is from the Cu3dx22y2

operators. However, almost 20% of the on-site contributi
is connected with a charge transfer that will be discusse
more detail later.

There are two different kinds of relevant longer ran
contributions. One arises from correlation operators betw
neighbor Cu and O atoms. Here, no specific contribution
dominating. Rather the very local atomic correlation ho
generated by the atomic operators is smoothly extended,
ing 10% of the on-site correlation energies. The second k
is connected with spin correlations between different Cu
oms, and, in particular, with those between electrons in

TABLE I. Correlation energy contributions in atomic units fo
particular successively added operators and relative amount of
correlations.

Correlations Ecorr ~a.u./u.c.! Spin contrib.

On site 20.1248
Cu-O nn 20.0154 0.20
Cu-Cu nn 20.0190 0.80
O-O nn 20.0033
Cu-O nnn 20.0036
Cu-Cu nnn 20.0157 0.95
Cu-Cu nnnn 20.0040 0.95
n
its
-
s
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Cu3dx22y2 orbitals. These dominate the nearest-neigh
Cu-Cu correlations and are exclusively responsible for
longer-range terms. The neighbor Cu-Cu correlations w
later be discussed in more detail. The longer-range corr
tions are connected with the eventual formation of lon
range magnetic order. Next-nearest Cu-Cu contributions
the energy are as large as nearest-neighbor contributions
dicating that here problems with the metastability of the no
magnetic SCF ground state begin to show up.

While all shorter-range correlations were fully or almo
completely converged with respect to the series of clus
selected, this does not hold true anymore for the thi
nearest-neighbor Cu-Cu contributions. However, diverge
does not yet appear. This indicates that stable antiferrom
netic correlations at half-filling need to coherently exte
over domains larger than the clusters selected for the co
lation computation.

When added, all these correlations represent an en
gain of roughly 5 eV per unit cell. All these correlations a
due to binding, and the resulting correlation energy amou
to a large fraction of the total binding energy.

B. Partial charge distributions

The partial charge distributionsni(C)5^Cu(snisuC&
are presented in Table II for different statesC. The first row
contains the values forC5CSCF. When added, the partia
occupations reach the number of valence electrons up
0.02. This indicates the good quality of the computed
thogonal atomic orbitals. The occupation of the Cu3d orbit-
als is very close to the estimate for the solid, obtained fr
earlier finite cluster HF calculations,34 except for the
Cu4s,4p occupations. In the earlier calculation, these ca
out smaller for two reasons. The one is that a basis set
used that lacked the most extended exponents used her
the 4s,p orbitals. This restriction was made to avoid ar
facts, resulting from the large negative charging of the sm
clusters treated. The second reason is that, in the earlier
culation, the 4s and 4p orbitals were Schmidt orthogona
ized to the O2s,2p orbitals, while here all orbitals are
equally treated by a mutual Lo¨wdin orthogonalization.

in
TABLE II. Charge distributions for the HF ground state an

with correlations added, in comparison to LDA results~Ref. 42!.

Orbital HF On-site corr. nn corr. Full corr. LDA

Cu3dx22y2 1.51 1.33 1.17 1.15
Cu3dz2 1.95 1.94 1.94 1.94 9.30*
Cu3dxy,3dxz,3dyz 2.00 2.00 2.00 2.00

Cu4s 0.50 0.55 0.57 0.58 0.53
Cu4ppl 0.30 0.33 0.34 0.34 0.64*
Cu4p' 0.09 0.11 0.11 0.11

O2s 1.82 1.82 1.81 1.81
O2pb 1.42 1.48 1.57 1.58
O2porth 1.97 1.96 1.96 1.96
O2p' 1.95 1.93 1.92 1.91

*The sums over five respectively three partial contributions e
are given.
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With the addition of correlations, a relatively large char
transfer occurs. Ultimately, it is a charge transfer mos
from the Cu3dx22y2 orbitals into the O2p orbitals. However,
for an understanding of this it is necessary to progress s
wise. A first step is the addition of atomic correlations th
lead to a large correlation energy gain. The dominant cha
transfer due to the atomic correlations is from the Cu3dx22y2

orbitals to the Cu4s,4p orbitals, followed by a secondar
redistribution from the Cu4s,4p orbitals to the O2p orbitals.
Overall, 0.18 electrons are removed from the Cu3dx22y2 or-
bitals, and put into the Cu4s,p shell ~0.13! and theO2s,p
shells (230.03). This charge transfer was not detected in
earlier cluster calculation for the poor Cu4s,p basis.34 More
than 80% of this charge transfer arise from the inclusion
the operatorsni↑ni↓ for the Cu3dx22y2 orbitals; the remain-
ing part stems from the same operators for the 4s,p orbitals.

This charge transfer due to atomic correlations is clos
related to the negative magnetovolume effect known fr
transition metals as will be shown next. The correlatio
induced charge transfer detected here partially corrects
inverse exchange-induced charge transfer. The dominan
change contribution of relevance in this context is fro
atomic interactionsUat( i ) and is written asEat(exch)
52( iUat( i )nis

2 (CHF) where the sum runs over thei
atomic orbitals in the unit cell, andnis(CHF) indicates the
HF occupation of orbitali per spin. To simplify the discus
sion, we restrict to two different atomic orbitals, and assu
that they have the same interactionU but an occupationn1s

very much larger than an occupationn2s . A charge transfer
z from n2 into n1 leads to the exchange energy ga
DE(exch)522zU(n1s2n2s). Therefore, the HF exchang
enhances differences in charge distributions. For the c
treated here, the HF exchange is responsible for a ch
transfer from the little filled 4s,p orbitals into the strongly
filled 3d orbitals. Also a trend for a similar charge transf
from the 4s,p orbitals into the strongly filled O2s,p orbitals
is expected, but should be restricted by Hartree~or essen-
tially Madelung! contributions. The latter terms do not influ
ence intra-atomic charge transfer. No charge transfer
tween the Cu3d and O2p orbitals is expected from atomi
exchange as long as these orbitals have a similar occup
and not very different atomic interactions. When on-site
atomic correlations are included, a sizable fraction of
exchange-induced charge transfer is undone. This is the
gin of the charge redistribution found in the present com
tation. Another way to undo the exchange induced cha
transfer is to turn the system magnetic. This corresponds
maximal atomic correlation. Consequently, a charge tran
must come into play when magnetism in systems with v
differently filled subshells is concerned, as for the case
itinerant ferromagnetism of the 3d metals. For Ni, for ex-
ample, one would expect a somewhat larger filling of thed
orbitals for the nonmagnetic state than for the ferromagn
state at the cost of the 4s,p occupation, because contrary
the fully magnetic case, the electrons are not completely
related in the nonmagnetic state, as is well known.18

Such a charge transfer becomes relevant for the magn
volume effect. A theoretical description of magnetism tha
restricted to a particular shell~like the set of 3d orbitals!
implies that the antibonding orbitals are more populated
the magnetic case no matter how strong correlations are
y
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such a case, the volume always increases with magnetic
der. When more than one shell is involved, the just m
tioned charge transfer comes into play. For Ni, this is fro
the bonding 4s,p orbitals into the~few and antibonding!
empty orbitals of the 3d shell. It implies a negative magneto
volume contribution. Ni actually displays a total negati
magnetovolume effect.36 The latter cannot be understoo
within a description restricted to the 3d orbitals,18 but can
only be explained by a not fully screened exchange-indu
charge transfer. On the HF level, this exchange-indu
3d-4s charge transfer was first proposed many years ag
the origin of the negative magnetovolume effect.37

It would be of interest to find out whether also in the ca
of the high-Tc compounds a negative magnetovolume eff
exists. With the new version of theCRYSTAL program,38

which allows for unrestricted HF calculations, such an inv
tigation will become feasible from the theoretical side.

When neighbor correlations are included, then an ad
tional charge transfer of the same magnitude as the one
to on-site correlations occurs. It is dominantly from th
Cu3dx22y2 orbitals to the O2pb orbitals, and is due to a
particular spin correlation between neighbor Cu sites t
will be discussed later. The longer-range contributions t
were covered by the present computations lead to a fur
but small transfer of the same kind. A similar but somewh
smaller charge transfer had been found in the earlier fi
cluster calculations.34 It should be noted that this seconda
charge transfer is connected with a small correlation ene
gain.

The exact occupation of the Cu3dx22y2 orbitals is of very
much interest. It is directly connected to the measured m
ment of the magnetic ground state and plays a crucial role
models used for the high-Tc compounds. These usually a
sume that the occupation of the Cu3dx22y2 orbital is not very
different from 1.0. The present calculations indicate that
fact different correlation mechanisms bring the occupat
into this range. To validate these findings, a short discuss
on the possible deficiencies of the presented computa
shall be given next.

While the result of the HF calculation can be assumed
be close to the HF limit, this does not hold true for th
correlation treatment. A first possible error is connected w
the weak correlation approximation. From the exact tre
ment of a particular on-site correlation plus the connec
charge transfer, it can be estimated that the on-site corr
tion correction of the Cu3dx22y2 occupation is overestimate
by 10–15%. For the charge transfer arising from long
range correlations, no error estimate can be made. Two
ther corrections are expected. The one is the influence
shorter than atomic range correlations, the other is
screening particularly of the 3d orbitals due to the Cu core—
and here especially due to the 3s and 3p orbitals. Since the
calculation presented here is the firstab initio correlation
calculation ever for a metallic transition-metal compound,
reference results exist. Even comparable detailed calc
tions for small clusters are lacking. From atomic calcu
tions, some estimate for corrections can be gained. Such
rections are expressed in terms of energy differences. In
approximation, the excited 3d94s2 state of the Cu atom is
0.4 eV higher than the ground state, while experimentally
difference amounts to 1.5 eV.39 A similar correction is found
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9832 PRB 58GERNOT STOLLHOFF
when the ground and excited states of the Ni atom
concerned.40 This correction is exclusively due to shor
range correlations, core polarization effects, and relativi
corrections, none of which were included in the presen
calculation. The influence of these corrections to the p
sented results can be estimated by lowering the diag
atomic 3d energy level by 1 eV. For the model discuss
below, this leads to a charge transfer into the Cu3dx22y2

orbitals of roughly 0.05. The lacking short-range correlatio
alone would have a somewhat larger influence than this t
shift but are counterbalanced by relativistic corrections t
favor the 4s electrons.41 Adding these corrections, the fina
estimate for the Cu3dx22y2 occupation amounts to 1.2
60.07. For reasons discussed above, it is smaller than
value deduced from the earlier cluster calculations.34 Future
applications will hopefully reduce the uncertainty in th
present LA results.

It is of interest to compare this LA result to an LD
charge analysis. Table II also contains LDA results that w
obtained for YBa2Cu3O6.5.

42 The latter compound is not
so-called half-filled system, and the respective charge di
bution represents a lower limit to the half-filled case. In t
referred publication, only integrated occupations for co
plete shells were given. Also, the underlying charge anal
was performed differently. This might lead to sizable dev
tions when the more delocalized orbitals are concerned b
hoped to lead to comparable results for the very localizedd
orbitals. From the global 3d occupation, not much can b
concluded about the Cu3dx22y2 occupation. However, an
LDA calculation performed for the system treated here
half-filling leads to a Cu3dx22y2 occupation of 1.55,43 and
other high-Tc compounds at half-filling are usually mappe
by Cu3dx22y2 occupations of 1.5.25 These LDA values are
very close to the HF results but differ from the correlati
result and from the final estimate.

This deviation of the LDA result from the LA occupatio
is expected to result from deficiencies of the used homo
neous electron gas approximation. It is plausible to concl
that the specific neighbor Cu spin correlations leading t
charge transfer of 0.17 are not at all covered by the LD
Such a simple connection cannot be made with respect to
charge transfer caused by on-site exchange terms and
correlation compensations. It is known that the LDA is n
able to describe anisotropic exchange contributions. In p
ticular, the LDA is not able to produce the negative mag
tovolume effect for Ni.44 This indicates that it lacks
exchange induced transfer and partial correlation compe
tion, but no large overall error is expected on the atom
scale. A very rough error estimate of the charge distribut
due to LDA deficiencies on the atomic scale can be m
using an analysis of LDA results for two-atomic cluste
These indicate that the 3d orbitals are too attractive in com
parison to the 4s orbitals. Expressed in diagonal energies
correcting shift of 1 eV was computed.45 Such an atomic
LDA correction is similar in size to the joint correlation
relativistic correction of the HF energy differences for t
atoms but has a different prefactor. It leads to a charge tr
fer of 0.05 out of the Cu3dx22y2 orbital.

Overall, the LDA seems to overestimate the occupation
the Cu3dx22y2 orbitals by roughly 0.3, a large fraction o
which is explained. It should be kept in mind, however, th
e
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the atomic orbitals are differently defined in both metho
This causes some uncertainty. In the future, it will be p
sible, to perform LDA calculations with a new version of th
CRYSTAL program,38 and to analyze the results by the L
routines, so that at least this last uncertainty can be remo

The mutual influence of correlations and charge redis
butions is of relevance toab initio methods that try to ad-
dress correlations with Monte Carlo schemes. Variatio
Monte Carlo calculations46 as well as diffusion Monte Carlo
calculations~for a review, see Ref. 47! rely on a good trial
state. For the first method, the charge distribution of the t
state is usually frozen to avoid the optimization of ve
costly external variational parameters, while the seco
method is restricted by the frozen nodes of the ground-s
wave function. The findings of the LA calculation indica
that a better trial state than the so far always selected L
ground-state wave function might be needed.

C. Atomic correlations

Next, we discuss the individual atomic correlations a
their strength. The average occupation of orbitali in the
correlated ground state is defined asni5(snis(Ccorr). The
charge fluctuations within orbitali , Dni

2 , are given as

Dni
25K CcorrUS (

s
nisD 2UCcorrL 2ni

2

5niF12S ni

2 D G12D i~corr! ~15!

52@D i~HF !1D i~corr!#. ~16!

They are separated into the HF charge fluctuations,D i(HF),
and the correlation correctionsD i(corr) @see Eq.~2!#. The
former are defined as the charge fluctuations in a fictitio
single-particle state that has the charge distribution of
correlated ground state. These charge fluctuations repre
the electronic mobility. For a single-particle state, it hol
that

D i~HF !5(
j Þ i

Pi j
2 , ~17!

wherePi j represents the density-matrix elements per spin
all other orthogonal atomic orbitals. The kinetic-energy ga
due to delocalization of the electrons in this state is prop
tional to ( ( j )Pi j , with the summation (j ) restricted to near-
est neighbors ofi . Consequently, the reduction ofD i(HF)
due to correlations,D i(corr), gives also a rough measure
how much band energy is lost by the correlations.

Charge fluctuations can only be completely frozen out
half-filling, i.e., for ni51.0. In all other other cases, there
a maximal correlation reduction,D i(corr,max), which
amounts to

D i~corr,max!5H S ni

2 D 2

for ni,1

S 12
ni

2 D 2

for ni.1 .

~18!
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The relative correlation strengthz i is defined as z i

5@D i(corr)#/@D i(corr,max)#.
All of these quantities are given in Table III for the fin

result of the correlated ground state. As can be seen, co
lations are strongest for the Cu3dx22y2 orbital. Nevertheless
even there, half of the original fluctuations survive, indic
ing that the electrons are still very delocalized, and tha
renormalization of the effective mass due to atomic corre
tions of no more than 30% is to be expected. Neverthel
70% of the possible reductions are realized. Next in stren
are the correlations on the O2pb orbitals. Also here, the cor
relation strength is 0.7 although the reductions amoun
only 20% of all fluctuation in this orbital. The correlations
all other orbitals are weak. This even holds true for the O2s

orbital.
The correlation strength strongly depends on the inclu

correlations. When restricting to on-site correlations,
Cu3dx22y2 occupation is 1.33. Then, it holds thatD i(corr)
520.096, which represents an 85% reduction. Freezing
Cu3dx22y2 charge at the HF value, i.e., close to the value
the O2pb charge, leads to a correlation strength of more th
0.90. This will be explained later when analyzing these c
relation functions in the context of model interactions.

A set of trial variational calculations restricted to ind
vidual correlation operators was also performed. This w
done to control the validity of the variational expansio
When comparing these variational results to the variatio
expansion results, it was found that the correlations obtai
by the expansion calculation were overestimated by 10–1
for the Cu3dx22y2 orbitals, but less than 5% for all othe
on-site correlations. This small correction indicates that
expansion is fully able to cover these correlations. Con
quently, there is no evidence that correlations on the ato
scale are too strong for a weak-correlation expansion tr
ment.

There are additional corrections expected from the om
ted correlations. From earlier calculations for other syste
it was found that the longer-range correlations that were
glected here have no influence on the atomic correla
functions~for a detailed explanation, see, e.g., Ref. 16!. The
short-range correlations omitted here, however, led to a
duction of the atomic correlation corrections for the 2s,p
orbitals by 1065%.16 Consequently, they are expected
lead to a somewhat larger reduction for the 3d orbitals,
which are characterized by a somewhat higher average
sity. When added, a reduced correlation strength of 0
60.04 instead of 0.7 is expected for the Cu3dx22y2 orbitals,
when an occupation of 1.17 is assumed. Such a correla

TABLE III. On-site correlations for the different atomic orbit
als. The individual terms are defined in the text.

Orbital ni D i ~HF! D i ~corr! D i ~corr, max!

Cu3dx22y2 1.17 0.243 20.122 20.172
Cu4s 0.57 0.203 20.009 20.081
Cu4ppl 0.34 0.141 20.005 20.029
O2s 1.81 0.086 20.002 20.009
O2pb 1.57 0.168 20.033 20.049
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correction is not terribly large but is rather similar to th
correlation strength obtained for the transition metals fr
model calculations.17

This correlation strength obtained for the metastable h
filled state should not strongly change when electrons
removed from the planes. Actually, for such a case,
Cu3dx22y2 occupation comes closer to 1.0, andD i(corr) is
expected to increase whilez i decreases. Therefore, the r
sults obtained for the half-filled case are expected to be
resentative for relevant dopings.

Complete magnetic order implies a correlation strength
1.0. Consequently, we would expect a certain additio
charge transfer 3d-4s,p with magnetization. This might
even lead to a negative magnetovolume effect.

D. Spin correlations

Of particular interest are the spin-correlation functio
S( i , j ) between the different atomic orbitals (i , j ), defined as

S~ i , j !5^CcorrusW isW j uCcorr&. ~19!

For the on site terms, it holds in general thatS( i ,i )
5 3

2 @D i(HF)2D i(corr)#. For the SCF ground state, these e
pectation values do not vanish, and represent the autoco
lations of the electrons. They are small except for the on-
terms and the neighbor Cu-O contributions. For the cor
lated ground state, it turned out that only spin correlatio
between the Cu3dx22y2 orbitals on the different atoms ar
relevant. This is in contrast to earlier calculations for sm
clusters. There, longer-range spin-density-wave–like corr
tions occurred at which the O2pb orbitals participated.34 Ap-
parently, these small clusters rather represented a
dimensional chain than the intended plane.

Table IV displays the correlationsS( i , j ), where the indi-
ces (i , j ) are restricted to Cu3dx22y2 orbitals. These correla
tion functions are computed incrementally. In a first ste
only on-site correlations are included, and only the on-s
function is given, then neighbor interactions plus the neig
bor functions are successively included. The enhancemen
the on-site terms with inclusion of longer-range correlatio
is due to the enlarged charge transfer.

The antiferromagnetic Cu-neighbor spin correlations
large and are connected with a sizable charge transfer f
Cu to O that was discussed above. The coupling of s
correlations to a charge transfer arises because spin cor
tions are maximal for a Cu3dx22y2 occupation of 1. In more

TABLE IV. Spin-correlation functions for Cu3dx22y2 orbitals
between neighbor sitesi ,i 1n, as functions of the included correla
tion operators, in comparison to the 2d Heisenberg model.

Included correlations n50 n51 n52 n53

HF ground state 0.276 20.012 0.001 0.001

On site 0.478
Up to n51 0.530 20.140
Up to n52 0.540 20.220 0.170
Up to n53 0.543 20.243 0.183 0.072

Heisenberg model 0.75 20.34 .0.10 .0.10
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9834 PRB 58GERNOT STOLLHOFF
detail, the quantity most relevant for the spin-correlati
strength is the expectation value^sW isW jH&, wherei , j represent
neighbor Cu3dx22y2 orbitals. The dominant contribution
from the Hamiltonian are the on-site interactions on C
U3d , and on O,U2p . When restricting ourselves to thes
interactions, and to the largest density-matrix elementsPi j ,
the above expectation value is given by

^sW isW jH&5 3
2 @2U3dx22y2nis~12nis!P2

22U2pP1
4#. ~20!

Here,nis represents the SCF occupation of the Cu orbital
spin, andP1 the neighbor Cu-O density-matrix element a
P2 the neighbor Cu-Cu density-matrix element. It holds th
nis.uP1u.uP2u for the relevant range of occupations. F
the half-filled SCF ground state, the first term of Eq.~20! is
one order of magnitude larger than the second. T
correlation-induced charge transfer results probably beca
the matrix element̂OnH& is enhanced by a charge transf
from the Cu orbital to the O orbital. Due to such a transf
the first part increases, while the second part strongly
creases. The charge transfer stops when the Cu3dx22y2

occupation reaches 1.
The ab initio results show that the charge transfer due

the secondary spin correlation is large. This suggests tha
ground state must also be relatively unstable with respec
any other external disturbance that profits from such a cha
transfer. Perhaps this instability also contributes to the lat
instability, and, in particular, to the large buckling found f
this compound.48 In view of this sensitivity, it is even more
astonishing that the very much larger on-site correlations
not lead to a sizable Cu-O charge transfer.

These neighbor correlations are quite strong, stronger
needed to counterbalance the change in the wave func
due to on-site correlations. For a singlet stateC it always
holds that( i j ^CusW isW j uC&50. For the SCF ground state, th
on-site terms are counterbalanced in part by antiferrom
netic neighbor Cu-O spin correlations, while the remain
correction is rather long range. When correlations up
neighbor Cu atoms are included, then the neighbor Cu
correlations alone more than counterbalance the correla
enhanced on-site terms. This can be viewed as a quite siz
attraction of electrons of different spin on neighbor si
even in the absence of longer-range antiferromagnetic or
In fact, it will be later demonstrated that these correlatio
depend little on doping.

While the nearest-neighbor correlations represented
Table IV are converged with respect to the treated clu
sizes ~as long as no longer-range correlation operators
added!, this does not quite hold true for the second-neare
neighbor terms. Here, another 10% might be obtained fr
more extended cluster contributions. Third-nearest neighb
when added are not converged at all. Here a renormaliza
of at least a factor of 2 is expected from larger clusters.

More extended clusters and longer-range spin correlat
were not covered since already the results obtained so fa
to spin-correlation corrections that turn out to be too lar
This indicates the proximity to the antiferromagnetic ins
bility. In some individual cluster calculations, already ne
nearest-neighbor contributions turned out to be almos
large as nearest-neighbor terms. Nevertheless, for the
cluded clusters the expected computation breakdown was
,
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yet seen. Such a breakdown must arise as soon as a cl
size is reached where in HF approximation a broken sym
try ground state is preferred. Consequently it is conclud
that even for the half-filled case antiferromagnetic order
rameter fluctuations need to extend over domains that
larger than the cluster explicitly included in the compu
tions.

The longer-range correlations contribute differently fro
the nearest-neighbor~nn! correlations. The direct coupling
matrix elementŝ OnH& are negligible. However, the longe
range operators are more sensitive to electrons very clos
the Fermi surface. Consequently, spin correlations may fo
that are dominated by the band electrons very close to
Fermi energy.

It is of interest to compare these correlation functio
with those of a two-dimensional Heisenberg model.49 For the
latter, the on-site and neighbor correlation functions are a
given in Table IV together with the long-range limit. It ca
be seen that the short-range correlation functions of
Heisenberg model are larger than those of the real sys
This is because in the real system the Cu3dx22y2 orbitals are
more than half filled, and because they are not perfectly c
related. On the other hand, the short-range correlations o
real system extend already beyond the long-range correla
pattern of the Heisenberg model. The limiting correlati
function in the magnetically ordered high-Tc materials is
typically limn→`uS( i ,i 1n)u50.08–0.10.49,50 Except for the
not yet convergedv53 term, this is well below the short
range correlation functions obtained from the present ca
lation.

IV. DETERMINATION OF A MODEL HAMILTONIAN

Theab initio results of the LA provide sufficient informa
tion to unequivocally determine a model Hamiltonian. Su
a condensation ofab initio results to a model serves multipl
purposes. One of them is to forwardab initio informations to
computations that can no more be performed on anab initio
level but only for a model. In the following, this applies t
the computation of the doping dependency of the proper
discussed above that were calculated for half-filling. Due
the restrictions ofCRYSTAL92 such ab initio calculations
would become costly. Another purpose is that informati
about particular correlations can be represented in the f
of effective interactions. Usually, experiments are fitted
models that are represented by the adapted interactions
no correlation function for the model is computed. Such
connection will facilitate comparisons, also for differing sy
tems. For the case of the high-Tc compounds, finally, the
explicit treatment of correlations has been so far restricte
models. Therefore, it is of interest to see, how well su
models match theab initio findings.

The determination of a model from theab initio data
separates into two steps. The first is the choice of the mo
space, i.e., which orbitals to include, and the computation
the relevant single-particle Hamiltonian. In the second st
the effective interactions are computed.

A. Relevant single-particle space
and single-particle Hamiltonian

The information provided by theab initio calculation con-
cerns atomic orbital degrees of freedom, but so far, no m
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delocalized degrees of freedom such as Wannier orbitals
tending over sets of atoms. Models built from delocaliz
orbitals cannot be directly compared to theab initio data but
would need to be derived in a second step from models ba
on atomic orbitals.

The smallest model used for the high-Tc compounds
based on atomic degrees of freedom is a three-band mo
containing as atomic orbitals the Cu3dx22y2 and the O2pb
orbitals. However, from theab initio charge analysis~see
Table II!, one notes non-negligible fillings of Cu4s,p and
even deviation from complete filling for the O2s orbitals. It
is also known that the Cu4s orbitals contribute actively to
the band structure of the most relevant half-filled band. T
was worked out before from LDA calculations.51 As a com-
promise, the selected model space for the present applica
is chosen to consist of Cu3dx22y2 and 4s and the O2pb
orbitals. This model is also selected because an LDA equ
lent exists.51

Note that these orbitals cannot be seen as a perfect re
sentation of the correspondingab initio orbitals. When tak-
ing the charge distribution for the SCF ground state fr
Table II, then the orbitals included in the model repres
4.84 electron per unit cell for the SCF ground state and 4
for the correlated ground state instead of 5.0 as they do
the half-filled band case in the model. Consequently, th
can be no perfect agreement between such a four-band m
and the real system.

Instead, the most relevant properties are to be matc
Here, the following properties are selected. The first is
half-filling of the uppermost band. This fixes the mod
charge at five electrons per unit cell. The second is the e
occupation of the Cu3dx22y2 orbital obtained from the re
spectiveab initio calculation. Since the influence of particu
lar correlations will be investigated,ab initio calculations
with only partial inclusion of correlations and varyin
Cu3dx22y2 occupation will also be fitted. The third is th
form of the Fermi surface. The model Fermi surface sh
match theab initio Fermi surface. This is important whe
longer-range correlations are concerned, and puts restric
bounds on the Cu4s occupation. A model Cu4s occupation
taken from theab initio result would lead to a Fermi surfac
that deviates too strongly from nesting. Consequently,
Cu4s model occupation is set to 0.25. The omitted Cus
charge in theab initio calculation apparently stems from
bands omitted in the model. Fixing the two other occupatio
freezes the O2p occupation. It turns out that the deviation
the latter from complete filling is only half as large for th
model as for the true ground state, indicating the bias and
limits of the four-band model.

Having determined the model occupations for a particu
ab initio fit implicitly defines the diagonal or crystal-fiel
termsei of the model. Theseei contain exchange and corre
lation contributions of the omitted degrees of freedom
well as exchange contributions due to the added on site
teractions of the model. Consequently, they differ for ev
fit. Each time, they are determined self-consistently for
model calculation so that the intended charge distributio
obtained.

The second set of parameters describes the delocaliz
of the electrons. It consists of the hopping terms. Here, i
assumed that the omitted external degrees of freedom
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no influence on these terms. Since only on-site interacti
will be included, no nonlocal exchange contributions arise
the model. The hopping terms therefore represent the no
agonal Hartree or alternatively, LDA matrix elements. The
are only two relevant hopping parameters for this four-ba
model. From the LDA fit, it holds for the 3d,2p hopping,
tdp521.6 eV; and for the 4s,2p hopping,tsp522.3 eV.51

At present, these hopping elements cannot be directly c
puted by the LA sinceCRYSTAL92 ~Ref. 8! does not separate
kinetic-energy~plus Hartree! terms from exchange terms
However, an estimate can be made. The Fock matrix
ments,f i j 5t i j 1Vi j (exch), can be computed. For them, it
found thatf dp522.8 eV andf sp524.2 eV. When approxi-
mately correcting for the exchange using the relat
Vi j (exch).2(1/uRW i2RW j u)Pi j , values oftdp521.7 eV and
tsp522.9 eV result. Thetpd term equals the LDA value
This indicates that in the future hopping terms between
thogonalized atomic orbitals for models can be directly co
puted by the LA. On the other hand, thetsp from the LDA fit
is 20% smaller. This difference probably arises because
LDA fit accounts for the omission of the 4p orbitals, which
otherwise would change the higher-energy band, while
estimates from the LA represent the original bare hopping
the following, the LDA values for the hopping are taken.

The charge distribution of the original single-partic
LDA model Hamiltonian@with the LDA values for theei
~Ref. 51!# amounts to a Cu4s occupation of 0.3, also
strongly reduced due to the need for an adequate Fermi
face. The Cu3dx22y2 occupation for this model is 1.4, an
apparently represents the Cu3dx22y2 contributions of the
four included bands.

B. Interaction terms

For the determination of interaction terms in the mod
correlation functions are available. In the model, only atom
or on-site interactions are included. These are the diago
interactions for electrons in the same orbitals,U3d ,U4s ,
U2p and the interaction between the Cu4s and Cu3dx22y2

orbitals on the same atom,U4s,3d . These interactions are
fitted on a one to one basis with the help of the correspo
ing on-site correlation functions.

The effective local model interactionsUi are indirectly
generated from the long-range Coulomb interaction that p
vails in the ab initio calculation. In this process, differen
kinds of rescaling occur. One rescaling process is called fo
ing. It is a reduction that is not connected to screening. W
reducing a single atomic fluctuation then not the origin
atomic interaction is measured but the difference betw
this interaction and the residual interaction of the electro
shifted in the process. For an almost empty band, the resi
interaction is zero while in zeroth order, for a half-fille
band, it is the neighbor interaction. A more detailed disc
sion was presented in Ref. 16. Another rescaling is due
screening effects, and here two sources exist. One is the
grees of freedom not included in the model, and the othe
correlations also present in the model but not activated
the lack of a longer-range model interaction.

In the following we will add correlations stepwise to th
ab initio calculation, and will stepwise interpret theab initio
result in terms of modified model interactions. This way, t
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TABLE V. Effective on-site interaction parametersUi ~eV!, as obtained in different approximations. Th
final estimate is also given in comparison to typical LDA results~Refs. 21–23, 53!. The individual terms are
explained in the text.

Correlations Ud Us Usd Up

On site, single without charge transfer 20.8 1.8 1.3 6.6
On site, single 12.0 1.7 1.1 6.6
On site, global 10.4 1.8 1.2 8.0
CuO nn, global 8.8 1.8 1.1 7.6
All, global 6.3 1.8 1.1

Estimate 5.7 61.0 1.8 1.1 6.0 61.0
LDA 9.0 61.0 4.5 62.0
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derivation of a localU from the bare Coulomb interactio
can be quantitatively understood. The end product is lo
model interactions that represent the true ground state.
actual computation procedure for the model is as follow
The ground state for the single-particle part of the mo
Hamiltonian is easily obtained. It is used as an input into
LA program like theCRYSTAL92 results in theab initio case.
The correlation calculation is then performed by the LA p
gram package, but with the interactions reduced to the mo
interactions. In principle, for the model, a set of calculatio
for different clusters would be necessary as in theab initio
case before. In reality, the fit was performed by match
only correlations in one, namely the largest cluster to
correspondingab initio results. This cluster consists of fiv
active Cu atoms and four active O atoms. Every mo
single-particle calculation and subsequent correlation ca
lation is embedded into a self-consistent cycle in which
respective single-particle energiesei of the model are fixed
so that the charge distribution of the particular correla
state of the model matches theab initio counterpart.

When comparing model andab initio correlations, an ad-
ditional constraint needs to be taken into account. It is t
correlation functions can only be directly compared when
respective occupations of theab initio calculation and the
model are identical. A similar constraint arises from the fo
ing effect on the value ofU. This is also strongly occupatio
dependent. While this poses no problem for the Cu3dx22y2

orbital, it involves the other two whose charges do n
match. Therefore, interaction terms for these orbitals are
termined in an intermediate step in which the model cha
balance between the Cu4s orbitals and the O2p orbitals is
shifted so that it agrees with theab initio result for the mo-
mentarily treated atom. Fortunately, the different interactio
do not influence each other much, so that no sizable am
guity arises from this procedure. A test can be conducted
recomputingU3d for the different choices.U3d varies by less
then 10%. It is largest for the highest 4s occupation becaus
then the 4s,3d screening explicitly handled by the mod
itself is largest. For the other occupations, larger fractions
this screening are mapped by a reduced interaction param
U3d .

Sets of parallel calculations were performed in the follo
ing steps. First, correlations were introduced on a sin
atom only, once for Cu and once for O. In both cases ato
charge transfers were alternatively allowed or blocked to
vestigate their effect onU. The correspondingab initio cal-
al
he
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culation was also restricted to correlations on single ato
only. This leads to unscreened effective interactionsU when
only single correlation operators each are included. Th
interactionsU although unscreened are folded from the Co
lomb interaction and no longer represent the original atom
interaction matrix elements. With charge transfer exclud
the results are given in the first line of Table V. Althoug
folded, theU3d is not very far from the atomic interactio
matrix element, which is expected to beUatom.25 eV. The
folded interactionU2p on O on the other hand is quite sma
It can be compared to similar interactions obtained before
the atomic orbitals on C compounds.16

The values forU4s andU4s,3d are very small. The folding
effect resulting from neighbor interaction contributions is e
pected to be, relatively speaking, largest for the latter te
because the 4s orbital is most extended. Also it should b
remembered that the model contains effective 3d-4s hop-
ping terms that are 20% smaller than the original values.
weak correlations it holds that correlations scale.U/t. Cor-
recting for this renormalization would lead to a 25% e
hancement of theU4s . Finally, we recall that part of theab
initio 4s occupation apparently stems from other bands a
might be involved in hopping processes in theab initio cal-
culation that are not represented in the model. Taking
into account should lead to an additional enhancemen
U4s . For comparison, the value for the effective local inte
action in another system with 4s,4p electrons, namely, Ge, is
3.1 eV,11 which is not too different from such a rescale
value.

The direct correlation between the 4s and the 3d orbitals
on the Cu site when added has only a very small influence
the value ofU3d , and the value of theU4s andU4s,3d is not
very relevant forU3d . This is unexpected. Similar interac
tions were important in earlier applications where the scre
ing betweenp and s electrons in C isomorphs or organ
compounds was concerned.16 In these cases electrons in ha
filled bands were screened by electrons in wider bands
were also half filled.

Next, local charge transfers are allowed that arise due
correlations. For the single Cu site, this is a charge tran
from the 3d into the 4s orbitals. It leads to a strong reductio
for U3d ~see the second line in Table V!. Partly, this reduc-
tion originates from the change in occupation itself beca
the folding reduction of the original atomic interaction due
longer-range Coulomb terms is largest for half-filled atom
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orbitals,16 and the change in Cu3d occupation is toward half-
filling. The dominant contribution is from the 4s,3d screen-
ing. Such a screening was proposed by Herring long ag52

Astonishingly, it comes into play with the help of a char
transfer when starting from the uncorrelated ground st
and the major role of the 4s orbitals is to represent a rese
voir of states. This is interpreted in the following way. In H
approximation, the fluctuations are somewhat reduced b
too-large occupation as compared to that of the true gro
state~see the discussion of the magnetovolume effect in S
III C !. The correct occupation is then obtained by the ad
single-particle correlation operators. In this way fewer flu
tuations are induced than would arise within a uncorrela
ground state that has the correct occupation. There are
sidual fluctuations, part of them from the original uncorr
lated ground state, and part from the charge transfer du
single-particle correlation operators. These fluctuations
reduced with the help of the two-particle operators. In
model, a sizable part of the screening electrons is no lon
included. When fixing the 3d occupation at the correct value
then much larger fluctuations arise for the model sing
particle ground state than for the originalab initio uncorre-
lated ground state. With the originalU3d , a suppression o
fluctuations for the model would result that is very mu
larger than the suppression of charge fluctuations due to
particle correlation operators in theab initio case. Conse-
quently, a false description of the 3d correlation corrections
would be made. When the reduction of fluctuations is
justed to the known correction a very much reduced effec
interactionU3d is found.

This scenario for the 4s,3d screening is very differen
from the previously treated cases. As just mentioned,
screening of the electrons in the half-filledp bands in or-
ganic systems orC isomorphs due to the electrons in th
half-filled s bands was not at all connected with a char
transfer but originated solely from two-particle correlati
operators, i.e., can be seen as a kind of classical screen

For O, no on-site charge transfer effect, occurred. It
plausible that the only possible charge transfer, that is w
the not completely filled 2s orbitals is marginal. In a subse
quent calculation, all on-site correlations in the cluster w
treated at once, and also charge transfer between the a
was allowed. The result is displayed in the third line of Tab
V. There is an additional small charge transfer out of
Cu3d orbitals, leading to a small further reduction ofU3d .
From this term on, theU3d obtained for the minimal 4s
occupation are given. Changing to this reduced value of
4s occupation contributes a reduction ofU3d of 0.8 eV. This
reduction arises because the residual 4s occupation is con-
nected with a smaller screening. There is also a large ch
transfer into the O2p orbitals. This causes a reduction of th
folding effect and a sizable enhancement ofU2p . Remember
that on this level only on-site correlations were included
the ab initio treatment. In particular, the long-range part
the Coulomb interaction was not screened at all. When
Cu-O correlations are also included~line 4 of Table V!, both
model interactions are further reduced. The effect is lar
for U3d , where a charge transfer and screening come
gether, and smaller forU2p , where a screening gain is re
duced by another enhancement due to the inverse ch
transfer. A sizable further reduction ofU3d occurs when all
.
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correlations in the cluster are included. This is mostly due
the Cu-Cu spin correlations and the 3d,2p charge transfer
caused by them. ForU2p , no value was computed for thi
case. A computation ofU2p requires a strong charging of th
4s orbital. In this particular case, it is so large that the 3d
orbitals are overscreened. This means that even for siz
enhancedU3d , too small correlation corrections of the 3d
charge fluctuations were obtained. When keeping the or
nal U3d obtained for the other distributions, a value ofU2p
.9 eV was obtained. This represents a further enhancem
due to the charge transfer into the O2p orbitals.

The values for the model interaction parameters obtai
in this way can be seen as upper limits for the true mo
parameters. This is because only specific correlation cor
tions have been thus far included. Part of the excluded c
relation corrections can be estimated. This is first the eff
of the very short-range intra-atomic correlations. Their inc
sion led to a reduction of theU by 10% or 0.5 eV for the C
isomorphs.16 A similar reduction is expected for O. For Cu
somewhat larger reduction is expected due to the higher d
sity and due to the screening influence of the filled 3s and
3p shells. Next is the omitted long range and polarizati
corrections. Such corrections are irrelevant for half-filling16

Consequently, they should have no large effect on theU3d .
However, they should at least reduce a large fraction of
enhancement ofU2p with charging. The resulting estimate o
the model parameters is given in the fifth line of Table
together with a rough error estimate. Note that this is the fi
calculation of its kind for an ionic compound as well as for
metallic compound containing transition-metal atoms. Fut
applications will certainly reduce the uncertainties of the
ror estimates.

Values for the effective atomic interactions have be
thus far computed by LDA frozen charge calculations. Fro
these, an effective local interactionU is obtained that does
not distinguish between differentd orbitals and the total an
gular momentum of the atomic charge. In a second s
higher-order Slater parameters were added that are ta
from experiments on atoms. An introduction is given in R
53. Table V contains an average over LDA results21–23,53for
the resulting diagonal interaction of the 3dx22y2 orbitals,
U3d , which here is identical to the diagonal interactions
the other 3d orbitals. Partially, those calculations also co
tained results for neighbor Coulomb interactionsV ~typically
1 eV or smaller!. In such cases, the values presented in Ta
V are the differencesU3d2V. The LDA interaction is con-
siderably larger than the one found from the LA calculatio
and would result in too-large correlations if used for t
model.

Note that the definition ofU is totally different in the two
approaches. The one~LDA ! freezes charges and does n
care for their dynamics, i.e., whether they are essentially
calized or whether they are delocalized. Also, only t
nearest-neighbor environment matters. So for CuO, alm
the same interaction is obtained as for the high-Tc
materials.53 The other method~LA ! maps all particular cor-
relation effects even due to longer-range interactions of
delocalized electrons into an effective folded local intera
tion U. When looking for the derivation of the LA value
then it is seen that for the considered system, a very pecu
Cu neighbor interaction~or spin correlation! leads to a re-
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duction of 2.5 eV below the LDA value. Such an effect
3dx22y2 specific and would not be expected to play a role
the other 3d orbitals. It would also not be expected for Cu
for a lack of neighbor Cu coupling. For the latter compoun
theU3d of the LA are expected to be in the range of the LD
values.

The LDA results were used to explain photoemission
periments for different transition-metal compounds. Pho
emission spectra calculated for an Anderson impurity mo
with the computed LDA values ofU3d59.5 eV~Ref. 25! led
to very good agreement with experiment for CuO and~with
a particular exception! for Nd2CuO4. A model when mapped
to the same experiment led to a value ofU3d58.4 eV for
CuO.54 This demonstrates that the LDA values are the c
rect values for the interactions among the completely loc
ized 3d orbitals. However, this cannot be taken as evide
for the correctness of the value for the 3dx22y2 orbitals. A
modification of the latter interaction towards the LA res
would probably not change the computed spectra very mu
There is a small deficiency for Nd2CuO4, though, when fitted
to the LDA values. This is the existence of a local sing
peak at the upper band edge in the calculation, which a
shows up in calculation and experiment for CuO, but not
the experiment for Nd2CuO4. It is a valid speculation
whether the reduced 3dx22y2 U3d originating from the effec-
tive neighbor Cu correlations in the plane would be suffici
to remove this deficiency.

TheU2p interaction of the LA is in qualitative agreeme
with earlier values found for the 2s,2p interactions in dia-
mond @7.2 eV ~Ref. 11!# but larger than the LDA estimate
There exists a spectroscopical fit forU2p55.5 eV.55

The presented difference between the LA values and
LDA values of U3d matches the difference between LD
and experiment found earlier for the transition metals. F
the transition metals, theU3d of the LDA are apparently
independent of band filling56,57 while the experimentally
needed quantities are strongly filling dependent and con
erably smaller—except for the completely filled 3d band
limit.17,18,16,19 It was proposed to resolve this discrepan
and the filling dependence ofU3d by a not fully screened
neighbor interactionV. This would explain the LDA devia-
tions and the filling dependency ofU3d as a folding effect.16

Calculations with the LA are now feasible for transitio
metals. The results obtained here give hope that from s
calculations, appropriate values for theU3d of the transition
metals can be obtained. For comparison, the value ofU3d
needed for Ni is 4.7 eV, and not very much lower than
final LA estimate for Cu in SrCuO2.

V. MODEL INTERACTION AND SPIN CORRELATIONS

The model interactions derived in the last section w
optimized with respect to charge distribution and on-site c
relations. Next, we will control how well this model is als
able to reproduce the most interesting longer-range corr
tion features, namely, the spin correlations between diffe
Cu3d orbitals.

For the five Cu cluster, the results of the model calcu
tion with U3d56.3 eV are compared to the correspondingab
initio values in Table VI. As can be seen, the model neigh
spin correlations are only half of theab initio values, and the
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second-neighbor terms are reduced to one-sixth. Co
quently, the four-band model with only on-site interactio
included can not consistently reproduce on-site correlati
and neighbor spin correlations.Ab initio neighbor spin-
correlation functions are only matched by aU3d that is 50%
to large, and even then, the deficiency of the seco
neighbor correlation functions is not completely remov
~see Table VI!.

Part of these discrepancies can be understood by con
ering theU dependence of the individual correlation fun
tions calculated by means of the weak-correlation expans
Here, the proximity to the magnetic instability plays a pa
ticular role. For the model~and for theab initio calculation!,
the interaction enters in two quantities, namely,^OH& and
^OHO&c . If the ^OHO&c were not depending onU, then the
variational parameters~and the correlation functions up t
saturation! would rise linearly with interaction strength. Th
model results are different and indicate that the interact
dependency of the second terms must come into play. T
holds particularly true for the longer-range correlation
which rise very much more than linearly with interactio
This anomalousU dependency can only be understood
the proximity of the magnetic phase. As discussed befo
the termŝ OHO&c represent the two-particle excitation ene
gies. Close to a magnetic instability, these might beco
very much smaller and tend to zero, leading to an anoma
U dependence of the correlation parameters. Apparently,
applies to the model.

This interpretation also explains why the longer-ran
spin correlations in the model are relatively weaker than
the ab initio case. The diagonal terms of^OHO&c represent
energy differences of bare excitations out of the SCF grou
state wave function. This means that in theab initio calcu-
lation, for these matrix elements the uncorrelated or HF s
ceptibility enters. In the model, however, the calculatio
were not performed with bare but with screened interact
parameters. This means that for the longer-range spin co
lations the energy difference of bare excitations is compu
with screened interactions and, therefore, contains corr
tions to some extent, in contrast to theab initio calculation.
Consequently, the model result for the longer-range spin c
relations might be more adequate than theab initio result and
might even indicate by which amount theab initio results
need to be corrected. With only second- or third-neighb
correlations included, the model is still far from instabilit
in contrast to the conclusion derived from theab initio cal-
culation. A magnetic instability might only occur when co
siderably longer-range magnetic correlations are added

TABLE VI. On-site andnth neighbor Cu-3dx22y2 correlation
functions for the cluster with five active Cu atoms.Ab initio results
in comparison to model results with differingUd .

Computation D3d

SW iSW i 1n

n51 n52 n53

Ab initio 20.122 20.140 0.075 0.072
Ud56.3 eV 20.122 20.071 0.013 0.011
Ud57.8 eV 20.145 20.097 0.025 0.024
Ud59.4 eV 20.160 20.126 0.045 0.043
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cannot even be excluded that the charge transfer conne
with magnetic correlations causes a first-order phase tra
tion, and that no divergency of the long-range correlatio
can be detected in the metastable state without broken s
metry.

Nearest-neighbor spin correlations do not display suc
strongU dependence. While it cannot be excluded that
difference betweenab initio and model results might als
originate from the overestimated Stoner enhancement, t
is another deficiency of the model that points to a differ
source. The neighbor spin correlations are connected to
explicit Cu3d-O2p charge transfer that is smaller by almo
one order of magnitude smaller in the model than in theab
initio calculation. A reason for this may be that the Cu4s,p
degrees of freedom are mostly removed from the model
only indirectly included in the form of reduced on-site inte
actions. It might well be that these omitted degrees of fr
dom contribute more actively to the neighbor-Cu-spin cor
lations with the help of an induced magnetic exchan
interaction between neighbor Cu sites. Another reason
the discrepancy betweenab initio and model results might b
that the O occupation in the model is considerably lar
than in theab initio case, and might also reduce the char
transfer.

Apparently, the four-band model with on-site interactio
only is not quite adequate to deal with the most interest
outcome of theab initio calculations, namely, the anomalou
neighbor spin correlations.

The Stoner enhancement in the longer-range spin corr
tion functions of the model calculation of the four-~or
three-! band model and also apparently in theab initio cal-
culation is very different from results expected for a ha
filled single-band Hubbard model. When using a wea
correlation expansion for the latter, then it is well known th
for the one-dimensional case all interaction contributions
the termŝ OHO&c drop out. This means a linear rise of a
correlations withU but no Stoner enhancement. For the tw
dimensional model with perfect nesting, similar results
expected. It cannot be ruled out that closed loop terms l
to interaction contributions in thêOHO&c for the nonnesting
case but such terms are not yet present in the consid
five-atom cluster. This indicates that the magnetism in
real system is essentially of itinerant or spin-density-wa
nature ~although strongly enhanced by the almost perf
nesting!, and that a simple single-band Hubbard model mi
not be the correct approximate description.

VI. THE MODEL AWAY FROM HALF-FILLING

The computations performed so far were restricted to
so-called half-filled band case. As mentioned before, the p
gramCRYSTAL92 can only be used for an integer number
electrons per unit cell. There is no such restriction for the
program package. Consequently, the model calculations
easily be extended to partial fillings. For simplicity, th
model SCF calculations were not repeated for differing fi
ings but the single-particle Hamiltonian at half-filling wa
frozen in, and only the Fermi energy was shifted. This
proximate treatment seems justified because contribut
relevant for charge redistribution such as the long-ra
ted
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Madelung terms are not included in the simple on-site int
action model.

Of interest is the dependency of the neighbor and of
longer-range spin correlations on band filling. Figure 2 d
plays the nearest-neighbor (n51) and next-nearest-neighbo
(n52) Cu-spin correlations as a function of the occupat
of the uppermost band (nB). These correlation functions
were taken from calculations for a five-Cu-atom clus
again. Corrections towards the full results are typically
percent for the nearest-neighbor terms and more than 1
for the second-nearest-neighbor contributions. Two val
for the interaction parameterU3d were taken, namely the
value deduced from theab initio fit ~6.3 eV, continuous
lines!, and a value enhanced by 20%~7.8 eV, dotted line!.
The second computation with an enlargedU3d was made to
obtain an estimate for the four-band-model shortcomings
comparison to the fictitiousab initio result.

Both correlation functions reduce in strength when el
trons are removed. However for the range of interest, i
around optimal doping (nd.0.8), both functions are stil
sizable and not very much smaller than for the metasta
nonmagnetic half-filled case. Thisa posteriori justifies the
choice of such a metastable state in theab initio correlation
calculations. It also demonstrates that for all fillings of inte
est very sizable nearest-neighbor short-range antiferrom
netic correlations exist together with longer-range itiner
antiferromagnetic fluctuations. TheU dependence of the
longer-range correlation function is more pronounced an
strongest close to half-filling, indicating again the underlyi
Stoner enhancement.

Also of interest is the change of the charge distributi
with doping. In the single-particle approximation, the ele
trons close to the Fermi surface are mostlyd-like. Figure 3
displays the non-d-fraction of the density of states as a fun

FIG. 2. Nearest-neighbor (n51) and second-nearest-neighb
(n52) spin correlation function in dependence of the fillingnB of
the uppermost band, obtained for a model withU3d56.3 eV ~con-
tinuous lines! or 7.8 eV~broken curve!, respectively.
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tion of doping. It can be seen that close to the Fermi ene
it amounts to 17%. As mentioned before, the model itsel
unable to account for Madelung corrections that would c
tainly modify such an extreme density distribution of t
removed charge. Also, a possible redistribution that wo
come in with the self-consistent computation is not includ
However, we will discuss to what extent correlations lead
a redistribution of the removed charge. As can be seen f
Fig. 3, there is indeed a sizable change of character of
removed density. Most of this is change into O2p character.
Again, the computation is performed for two values ofU3d .
The smaller value~6.3 eV! leads to a 20% charge redistribu
tion while the larger value leads up to 50% corrections cl
to half-filling. Photoemission experiments not too far fro
the magnetic state found indeed that the electrons remo
from the system were largely of O2p character.58

VII. SPIN CORRELATIONS
AND NEUTRON-SCATTERING RESULTS

In the ab initio calculation for the half-filled case, ver
strong antiferromagnetic neighbor Cu spin correlations
connection with a Cu-O charge transfer and with long-ran
antiferromagnetic polarizations were found. The subsequ
model calculations have shown that the neighbor spin co
lations are not restricted to the immediate vicinity of ha
filling but exist for every filling.

This prediction can be tested by comparing the calcula
results with quantitative magnetic neutron measureme
From these experiments, a quasi-equal-time spin-correla
function S(QW ) was obtained7 for the metallic compound
La0.85Sr0.15Cu2O4 by extending the energy integration up
0.45 eV. The data show a strong longer-range structure

FIG. 3. Relative non-3d-like density of states at the Fermi en
ergy in dependence of the fillingnB of the uppermost band, ob
tained without correlations~dotted-broken curve!, for U3d56.3 eV
~continuous lines! and 7.8 eV~broken curve!, respectively.
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is expected to exist independently of an also found sm
quasielastic scattering arising from an incommensurate
density wave present in this particular compound. In the f
lowing, a comparison is made between the theoretical eq
time correlation function and the measured quantity. B
are not identical. The theoretical quantity is obtained for
infinite layer case where for 0.15 holes per unit cell app
ently no incommensurate spin wave exists, and conseque
less magnetic scattering is expected than for the meas
compound. On the other hand, the theoretical quantity re
sents the true equal-time correlation function and conta
contributions that are not in the range of the measureme

The limiting equal time case of the measured correlat
function is defined as

S~QW !5
1

N E d3rWE d3rW8S~rW,rW8!eiQW ~rW2rW8!. ~21!

The theoretical spin-correlation function is derived from t
model calculation at appropriate doping. It is represented
spin correlations between different orthogonal orbitals,

S~ i , j ,GW !5^CcorrusW i~0!sW j~GW !uCcorr&. ~22!

Here i denotes thei th orbital in the unit cell with atom po-
sition rW i , GW represents the lattice vectors, andsW i(GW ) repre-
sents the spin operator for orbitali in the GW unit cell. When
assuming that the spatial density distribution is shrunk to
nuclear positions,

S~rW,rW8!. (
i , j ,GW ,GW 8

d~rW2rW i1GW !

3d~rW82rW j1GW 1GW 8!S~ i , j ,GW 8!, ~23!

one obtains

S~QW !5 (
i , j ,GW

S~ i , j ,GW !eiQW ~rW i2rW j 2GW !. ~24!

This function is very easy to compute. Figure 4 contains
results for a particularQW direction, namely, the diagona
~1,1! axis, obtained in different approximations. The zo
boundary is ath51, the intensity is given per formula uni
which here is equivalent to a unit cell or to a single Cu ato

The lowest curve represents the result for the sing
particle ground state. It represents the exchange holes. A
finite value ath50 indicates, the summation in Eq.~24! was
not brought to convergence. Instead, the Cu-Cu dens
matrix elements were only included up to the fourth neig
bor, and no density-matrix elements with 4s or 2p orbitals
extending beyond the nearest-neighbor Cu-O terms w
added. The maximal deviation occurs forh50, where the
contributions from all missing terms add up. Due to deph
ing, the correction is very much smaller for finiteh. Due to
the fine structure in the unit cell, this function is finite at th
first lattice vector (h52). This represents the Cu-O correl
tion function.

Next, short-range correlations as they are deduced fro
single coherent five Cu cluster calculation are includ
~lower continuous curve!. Here, the nearest-neighbor Cu-C
correlations come into play and cause a peak at the z
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boundary (h51). When extending the correlation treatme
to a nine Cu cluster, second- and third-neighbor correlati
are more correctly treated. They lead to a narrowing of
peak and to a small enhancement~upper continuous curve!.
Finally, the corresponding values with enlargedU ~7.8 eV
instead of 6.3 eV! are also given~broken curve!. Increasing
U leads to a strong enhancement of the maximum, indica
again the proximity to a magnetic phase transition. Th
results are compared to experiment7 ~dots! in Fig. 4. As ex-
pected, the theoretical equal-time correlation function is
ways larger than the experimental correlation function
energy integration of which extends only to 0.45 eV. Beyo
h51.5, the experimental results are influenced by the n
Bragg peak, and are no more meaningful.

There are specific contributions to the theoretical corre
tion function that are not expected to be seen by experim
These are the short-range contributions connected with
Cu-O hopping, arising already without correlations. The h
ping energy connected with this part of the correlation fu
tion is t51.6 eV, and very much larger than the energy c
off. Consequently, only a marginal part of the
contributions is expected to show up in experiment. A co
siderably larger fraction of the uncorrelated longer-ran
Cu-Cu contributions is expected to show up since th
mostly arise from the uppermost band. Also, the relev
correlation contributions are expected to be measured by
periment. While the on-site correlation functions might n
fully show up, the effect of the neighbor Cu-Cu spin corr
lations is expected to arise mostly from the electrons in
uppermost band, and the longer-range enhanced spin c
lations are certainly connected with electrons close to
Fermi surface, as is indicated by their strong resonance

FIG. 4. Equal-time spin-correlation functionS(Q) for QW

5(h,h,0) in comparison to experiment~Ref. 7! ~empty circles!.
Given are the results of the HF ground state~broken-dotted curve!,
the five-atom cluster result~lower continuous curve!, and the nine-
atom cluster result~upper continuous curve! for U3d56.3 eV, and
the nine-atom cluster result forU3d57.8 eV.
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pendence onU. Figure 5 displays the correlation function
of Fig. 4, but with all Cu-O contributions of the single
particle approximation removed, and with the residual fun
tion shifted so thatS(0)50 holds. The residual Cu-Cu
single-particle contributions are small and essentially b
shaped~lowest curve!. The correlation contributions lead to
pronounced maximum around the zone boundary. When
relations resulting from the nine Cu cluster calculation a
included, then the half-width of the correlation peak cor
sponds well to the half-width of the experimental pea
However, for the value ofU taken from the fit to on-site
correlations, the integrated scattering intensity is not lar
than the experimental counterpart. The result for a 20 perc
enhancedU finally leads to a correlation function that i
systematically larger than the experimental curve. Theab
initio calculation if performed for the relevant doping wou
certainly give a correlation function as large as or ev
somewhat larger than the model result for the enhanced
teraction. A future comparison with experimental results
a metallic compound without a spin-density wave will allo
us to decide whether the model results or theab initio results
are more reliable. Theab initio calculations might overesti
mate the Stoner enhancement, while the model might w
leave out relevant degrees of freedom, and might con
quently need to be extended.

The theoretical results represent not only the particu
doping of 0.15 holes but should be representative for a wi
range of doping even farther away from the magnetic ca
As Fig. 2 demonstrates, the neighbor correlations that re
sent the weight of the peak around the zone boundary red
only slowly with further doping. The longer-range correl
tions are expected to reduce faster, so that a continuous
ening of the peak with further doping is expected. The
correlation features appear over a rather wide range of d

FIG. 5. Cu-Cu–dependent part of the equal-time sp
correlation functionS(Q) in comparison to experiment. Definition
of the curves as in Fig. 4.
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ing and have consequently, no direct connection with a
kind of Mott-Hubbard transition.

The equal-time spin-correlation function was compu
earlier for a one-band Hubbard model59,60 or for a t-J
model.61 In these computations, due to the particular Fer
surface, at 0.15 doping a spin-density wave shows up.
resulting equal-time correlation function is different from t
one given in Fig. 4. It is close to the bell-shaped curve of
uncorrelated electrons in Fig. 5 but enhanced by a facto
3. In addition, for magnetically ordered states, there is a v
narrow peak just ath51.0 ~or a set of two peaks close to th
point!. This peak disappears for the not ordered states, bu
width is usually not resolved due the finitek-point mesh used
in these computations. There is no evidence for stro
shorter- or longer-range spin-correlation features in the n
magnetic metallic state. This indicates that single-band m
els with local interactions do not adequately describe
low-energy degrees of freedom of the metallic case.

The extended range of longer-range antiferromagn
correlations found in theab initio calculation but also for the
four-band model, contrasts with single-band model resu
This is connected to the following difference. On-site cor
lations are strongest for a 3dx22y2 occupation of 1. This oc-
cupation occurs at 0.4 to 0.5 doping. Antiferromagnetic
der, on the other hand, is strongest for perfect nesting in
half-filled band case. Between both points, a region of str
fluctuations is found. For a single-band model, these dif
ent points are reduced to a single point, half-filling.

VIII. CONCLUSIONS

The results obtained within the framework of the LA c
be hierarchically classified into the following categories. T
first concerns the general field ofab initio calculations for
the transition metals, the next deals with the connection
full Hamiltonian and model Hamiltonians, and the last o
finally covers the specific electronic properties of the highTc
compounds.

Concerning the general field ofab initio calculations for
transition metals, we have presented the first LA compu
tion, which also provides detailed correlation functions, a
which, as mentioned is not connected to a homogene
electron-gas–like approximation. We could explicitly inve
tigate those correlation effects that are out of the reach of
LDA. An example relevant for the general field is the corr
lation induced 3d-4s charge transfer. A similar charge tran
fer is expected from magnetic order in the transition me
and was proposed long ago by Lang and Ehrenreich a
explanation for the inverse magnetovolume effect in N37

This can now be quantitatively addressed.
We have found that the weak-correlation expansion

which the LA is computed can be successfully applied
systems as strongly correlated as the high-Tc materials. As-
tonishingly, problems arose neither in the context of stro
atomic correlations nor due to a possible Mott-Hubbard tr
sition on either the atomic or a more extended unit-cell sc
but only from the closeness of the ground state to a magn
phase and from the resulting Stoner enhancement. A fu
extension of this weak-correlation expansion, from the l
earized to the full CCSD equations in the restricted opera
space should help to reduce the latter problems.
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The calculations have also demonstrated how importa
is to use an SCF calculation for the full solid as a start
point. In the past, it has been necessary to restrict onese
calculations for small Cu-O clusters when applications ba
on ab initio treatments beyond a homogeneous-electron-g
based approximation were made. One of the first such ca
lations has also been done in the framework of the LA,34 and
a comparison of the results clearly shows how advers
cluster constraints influence basic results like the electro
charge distributions or correlation functions.

Concerning the transition from theab initio calculation to
a model Hamiltonian, the dominant issue is the determi
tion and the analysis of the interaction parameters of
effective Hubbard models. Among others, we have provid
a detailed derivation of the effective Cu3dx22y2-interaction
parameters, starting from the bare Coulomb interaction,
analyzed, in particular, the screening effect of the 4s,4p
electrons that had been proposed long ago by Herring.52 A
surprising finding was that this screening is not much c
nected with the residual interactions between the 3d and the
4s,4p electrons, but largely mediated by a charge trans
from the 3d orbitals into the 4s,4p orbitals, when starting
from the SCF ground state.

The obtained Cu3dx22y2-interaction parameter turned ou
to be somewhat smaller than the global Cu3d interaction
parameters that were determined by frozen charge LDA
culations. The difference apparently results from residual
teractions between electrons in 3dx22y2 orbitals on neighbor-
Cu sites that are only accounted for when correlation fu
tions are used as a means to determine the interaction pa
eter. A similar deviation was noted earlier for the case of
transition-metal interaction parameters, for which somew
smaller values were obtained from fits to experiment th
from computations by the LDA.16

Finally, we will address the specific properties of the m
tallic CuO compounds. On the single-electron level, our
sults are similar to the LDA results. This concerns, in p
ticular, the relevance of the 4s orbitals for the dispersion o
the half-filled band and for the form of the Fermi surfac
However, there are also differences. Surprising is the one
the 3d occupation that comes out too large in the LD
Furthermore, we found sizable correlations on differe
length scales. While the strong atomic correlations were
pected for these compounds, we found in addition a str
magnetic nearest-neighbor Cu-Cu correlation that mi
even lead to a neighbor attraction of electrons with differ
spin. This correlation is not due to the longer-range magn
fluctuations; however, it may well be enhanced by it. It
also connected with a sizable Cu-O charge transfer.
homogeneous-electron-gas-based method such as the LD
expected to be able to handle neither such a correlation
the connected charge transfer. This explains the ju
mentioned difference in the 3d occupation. In addition, a
sizable long-range magnetic polarization was found that
best be described in terms of a Stoner enhancement.
these features turn out to be present over a large do
range, and not only very close to half-filling.

The connection between variations in the magnetic co
lations and the charge transfer is expected to result in in
esting couplings between the magnetic and lattice degree
freedom. In particular, it should not be surprising if the ma
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netovolume effect for the case of the half-filled-band syste
turns out to be very small or even negative, as is the cas
Ni.

The just-mentioned particular neighbor spin correlatio
enhanced by longer-range magnetic fluctuations, domin
the spin-correlation function, and explain the features fou
in the measured spin correlations for La0.85Sr0.15Cu2O4.

7 Ap-
parently, neither the single-band-Hubbard model results
the t-J–model results can explain this spin correlation fun
tion ~see discussion in Sec. VII!. It was not even possible to
bring the results of the four-band model with only on-s
interactions to good agreement with theab initio results,
where on-site and longer-range correlations were jointly c
cerned. It seems that a proper description of the real sys
can only be obtained if in such a four-band model t
background-induced magnetic Cu neighbor interactions
explicitly taken into account, or if the model is generaliz
by an explicit inclusion of the 4p orbitals, perhaps even o
.
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the full screening process of the 3d interactions by the 4s,4p
orbitals. In our future work, we shall investigate such exte
sions.

To conclude,ab initio correlation calculations can now b
performed for the transition metals. With the local ansa
details of the correlation functions as well as a good und
standing of the relevant short-range correlation features
be obtained. The first application for a metallic high-Tc com-
pound shows a fairly good agreement between the comp
and the measured magnetic correlation functions.
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