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Electric field gradients from first-principles and point-ion calculations
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Point-ion models have been extensively used to determine ‘‘hole numbers’’ at copper and oxygen sites in
high-temperature superconducting cuprate compounds from measured nuclear quadrupole frequencies. The
present study assesses the reliability of point-ion models to predict electric field gradients accurately and also
the implicit assumption that the values can be calculated from the ‘‘holes’’ and not the total electronic structure.
First-principles cluster calculations using basis sets centered on the nuclei have enabled the determination of
the charge- and spin-density distribution in the CuO2 plane. The contributions to the electric field gradients and
the magnetic hyperfine couplings are analyzed in detail. In particular they are partitioned into regions in an
attempt to find a correlation with the most commonly used point-ion model, the Sternheimer equation, which
depends on the two parametersR and g. Our most optimistic objective was to find expressions for these
parameters, which would improve our understanding of them, but although estimates of theR parameter were
encouraging, the method used to obtain theg parameter indicated that the two parameters may not be inde-
pendent. The problem seems to stem from the covalently bonded nature of the CuO2 planes in these structures
which severely questions using the Sternheimer equation for such crystals, since its derivation is heavily reliant
on the application of perturbation theory to predominantly ionic structures. Furthermore, it is shown that the
complementary contributions of electrons and holes in an isolated ion cannot be applied to estimates of electric
field gradients at copper and oxygen nuclei in cuprates.

DOI: 10.1103/PhysRevB.65.064532 PACS number~s!: 74.25.Nf, 31.15.Ew, 74.25.Jb, 74.72.Dn
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I. INTRODUCTION

There is a large quantity of nuclear magnetic resona
~NMR! data from high-temperature superconducting cupr
crystals from which electric field gradients~EFG’s! can be
derived. EFG’s are a measure of the nonspherical com
nents of the charge distribution surrounding the nucleus
interest and is used to estimate the hole population in mo
of superconductivity. Most estimations1–7 have been made
using a point-ion model with Sternheimer correction facto
called here the Sternheimer equation8,9 ~SE! which is briefly
discussed in Sec. II. In particular the measured change
the EFG on doping have been discussed10–14 in terms of the
distribution of the additional holes among the orbitals
each ion. In related areas of research, however, point-ch
models are apparently no longer in use15 although there does
not seem to be any report in the literature discussing
unreliability of the SE. In this paper we address this proble
particularly for systems where there is evidence that
bonding between ‘‘ions’’ is more covalent than ionic. Th
CuO2 sheets, which are a common feature of all cupra
showing high-temperature superconductivity behavior,
thought to have bonds showing a distinct covalent charac

In addition to the point-ion approximation, the abov
mentioned semiempirical analyses of EFG values in cup
superconductors are also based on the assumption tha
EFG values at a nucleus can be calculated~with opposite
sign! for that configuration where the unoccupied spin orb
als are assumed to be occupied and the occupied spin orb
are assumed to be unoccupied. For the Cu 3d9 ion, in par-
ticular, it is expected that the EFG is just the same as ford1
0163-1829/2002/65~6!/064532~12!/$20.00 65 0645
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but with opposite sign. It seems that this concept is wid
adopted unconditionally. In the present paper we also add
this assumption, called here the electron-hole symmetry.
demonstrate that it is entirely unjustified for the Cu ions in
cuprate environment but also leads to false estimates of
EFG values at the oxygens in the CuO2 planes.

In order to quantify our doubts on the applicability of th
SE and of the electron-hole symmetry to the evaluation
EFG in copper oxides we have used the wave functions fr
previously published first-principles calculations a
complemented them for illustrative purposes with additio
simulations. These are cluster calculations16,17 on La2CuO4
and YBa2Cu3O7 cuprates using the density-functional theo
with local-density approximation and generalized gradi
corrections, which have provided EFG data for the Cu and
in the CuO2 planes in agreement with experiment. Calcu
tions which used augmented plane waves give sim
agreement18,19 for all nuclei except copper in the CuO2
plane. It is not the purpose of the present paper to disc
such differences since the focus is solely on the reliability
point-ion calculations. For detailed comparisons with expe
mental measurements we refer to Refs. 16 and 17.

The general idea of the cluster approach to electro
structure calculations of properties which depend upon p
dominantly local electron densities is that the parameters
characterize a small cluster should be transferable to
solid and largely determine its properties. The essential c
tributions to EFG’s and to magnetic hyperfine fields a
given by rather localized interactions and therefore it is
pected that these local properties can be determined and
derstood with clusters calculations. Approximations must
©2002 The American Physical Society32-1
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made concerning the treatment of the lattice in which
cluster is embedded. Using as large a cluster as is possib
of course advantageous. It is necessary, however, tha
results obtained should be checked with respect to their
pendence on the cluster size.

The basic principles of cluster calculations are briefly d
cussed in Sec. III A and the general contributions to the o
electron operator from regional partitioning are given in S
III B. In Sec. III C, this is then applied to the EFG operat
and also to the hyperfine coupling operator. The latter wh
can be used for clusters with unpaired electron spins is v
similar to the EFG operator. The only difference is that
uses the spin density and the EFG the charge density.

Effectively the cluster calculation of the EFG is divide
into contributions from the ion of interest~the target ion!, the
rest of the cluster and the overlap between these two. T
regional partitioning technique is described in Sec. IV a
the contributions to the EFG for a particular cluster calcu
tion are given as an example. In Sec. V correlations of fi
principles partitions with Sternheimer terms are investigat
The above-mentioned partition enable the Sternheimer a
shielding factors,R and g, to be associated with quantitie
calculated from first principles~see Sec. V B!, which in turn
allows us to compare the predictions of the SE for a mo
cluster with that of theab initio calculation of the same
cluster. This provides a much more sensitive test of the
than could otherwise be obtained. In Sec. V C the contri
tions from the target ion are analyzed in terms of the in
vidual orbitals indicating how the ‘‘holes’’ have been dete
mined. The shortcomings of the simplifying approaches
pointed out. It is shown that the values of the EFG are
termined by a subtle cancellation of large individual term
In Secs. V D and V E the electron-hole symmetry is studi
A summary and conclusions are given in Sec. VI.

Except for energies, atomic units are used throughout,
the EFG componentsVii are given in e aB

2352ueuaB
23

52Ha/aB
2 . The quantityqii 5Vii /ueu then corresponds to

29.717431021 in units of V/m2.

II. STERNHEIMER EQUATION

The Sternheimer equation has been written in the follo
ing form:8

Vii 5~12R!Vii
local1~12g!Vii

lattice , ~2.1!

where Vii is one of the diagonal components of the EF
tensor for a target ion which can be determined experim
tally, Vii

local is the experimental EFG component of the targ
free ion, andVii

lattice is the contribution to the EFG compo
nent from the charges in the lattice surrounding the tar
ion. The two parameters in the equation are both antishi
ing factors;R arises from the electrons in the valence shell
the target ion which are possibly overlapping the elect
distribution of the nearest-neighbor ions, andg accounts for
the contribution of the EFG due to the polarization of t
target ion in the electric field of the environmental charge

The crystal structure is therefore split up into three
gions, the isolated target ion~here referred to aslocal!, the
06453
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space between the target ion and its nearest neighbors
the rest of the ions in the crystal~here referred to aslattice!.

There is large spread of values for the parameters, in
ticular g, derived from EFG data for superconducting c
prates. For copper, values forg of 27.6, 210.4, 217, and
220 have been reported in Refs. 1–4, respectively. For
nar oxygen ions the lattice contributions (12g)Vxx

lattice ac-
counts for 36 and 60% of the totalVxx in Refs. 13 and 14,
respectively.

III. FIRST-PRINCIPLES CALCULATIONS ON CLUSTERS

A. Description of cluster calculations

A cluster is a careful selection of ions within a cryst
which are intended to be able to calculate localized prop
ties accurately. The target ion~the ion whose properties ar
to be calculated! should be at or very near the center of t
cluster. The target and normally, at least, its nearest ne
bors form the core of the cluster and are treated most a
rately using first-principles all-electron methods. Outside t
core the next shell of positively charged ions are represen
by pseudopotential functions which have been shown to
have better than just bare charges to represent the ions
pseudopotentials prevent unrealistic electron-density dis
tions characteristic of the positive point charges. Ba
charges ('2000) are used outside the shell of pseudopot
tials to simulate the rest of the crystal lattice. Some of
more remote charges from the target ion are moved slig
so that the target ion experiences the correct Madelung
tential.

The present work aims at an assessment of calculation
EFG with a point-ion model and Sternheimer corrections a
comparison with first-principles methods. To illustrate t
problems we use here the results from three different clus
which all simulate the compound La2CuO4 but we note that
similar results have been obtained for YBa2Cu3O7. The core
of these clusters comprise one, two, and nine copper io
respectively, each with an appropriate number of near
neighbor oxygen ions.

Only the central Cu ion in the cluster CuO6 /Cu4La10 @Fig.
1~a! whereX5Y5La# is used as the target ion which, to
gether with the six nearest-neighbor oxygen ions, forms
core of the cluster used for the all-electron calculation. T
neighboring four Cu and ten La ions are represented
pseudopotential functions. In the Cu2O11/Cu6La16 cluster
@Fig. 1~b! whereX5Y5Z5La# we have used both the cen
tral oxygen ion and the neighboring two Cu ions separat

FIG. 1. The CuO6 /Cu4La10 and Cu2O11/Cu6La16 clusters. The
notationsX, Y, andZ are for later reference~see Appendix B!.
2-2
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as target ions. The core of the cluster additionally includ
the ten nearest-neighbor oxygen ions. The adjacent 6 Cu
16 La ions are represented by pseudopotential functions

The nuclear positions have been chosen20 according to the
tetragonal structure of La2CuO4 ~space groupI4/mmm) with
a5b53.77 Å andc513.18 Å, with a Cu-O(a) distance of
2.40 Å and with a Cu-La distance of 4.77 Å.

The cluster core uses a 6-311G basis set as provide
Gaussian 98. The density-functional method was used to
tain the wave functions from which the EFG at the targ
ions were calculated. This procedure has been used co
tently by us since the wave functions which are produc
give calculated properties which are in agreement with
perimental values.

It should be noted that the lattice region of th
Sternheimer equation includes all bare charges, the pse
potential ions and all the ions of the cluster core except
target ion.

B. Contributions to the one-electron operator from regional
partitioning

Let us consider a system ofN nuclear centers. TheKth
center, at siteRW K , is the origin fornK basis functions which
are mutually orthogonal. Thekth basis function on siteRW K is
denoted byBK,k(rW2RW K). The total number of basis function
~atomic orbitals! is

nc5 (
K51

N

nK . ~3.1!

The c in nc identifies that our system here is thecore of a
cluster. The molecular orbitals~MO’s!, f, of the system are
orthogonal linear combinations of the atomic orbitals. W
allow for two sets of MO’s, one set to hold electrons
a-spin projection, the other setb-spin projection. Themth
MO of a-spin projection is

fm,a~rW !5 (
K51

N

fm,a
K ~rW2RW K!5 (

K51

N

(
k51

nK

cm,a
K,k BK,k~rW2RW K!,

~3.2!

where thec’s are the MO coefficients.
The expectation value of any quantity, corresponding

the operatorO(rW), associated with a nuclear siteRW J for the
MO fm,a(rW), is given by the matrix element

Mm,a
O ~RW J!5^fm,a~rW !uO~rW2RW J!ufm,a~rW !&. ~3.3!

Developing the MO’s according to Eq.~3.2! we get

Mm,a
O ~RW J!5(

K
(
L

Gm,a
O ~K,L !, ~3.4!

where, for convenience, we have defined
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Gm,a
O ~K,L !5(

k

nK

(
l

nL

cm,a
K,k cm,a

L,l ^BK,k~rW2RW K!

3uO~rW2RW J!uBL,l~rW2RW L!&. ~3.5!

We note that in Eq.~3.4! K and L sum over all nuclear
centers of the cluster and that the target ion isJ. The SE
concentrates entirely on the target ion and so will we. He
in Eq. ~3.4! we separate out the target ion as follows:

Mm,a
O ~RW J!5Gm,a

O ~J,J!1 (
KÞJ

Gm,a
O ~K,J!1 (

LÞJ
Gm,a

O ~J,L !

1 (
KÞJ

(
LÞJ

Gm,a
O ~K,L !, ~3.6!

5 IMm,a
O ~RW J!1 IIMm,a

O ~RW J!1 III Mm,a
O ~RW J! ~3.7!

noting that IIMm,a
O (RW J)5(KÞJGm,a

O (K,J)1(LÞJGm,a
O (J,L).

This results in the identification of three different terms
~i! The first term comprises all contributions from on-s

basis functions~that is, all basis functions centered at th
target ionRW J) and is denoted by regional partition I.

~ii ! The second and third terms in Eq.~3.6! are numeri-
cally identical and contain contributions arising fromboth
on-site and off-site (RW K ,KÞJ) basis functions~correspond-
ing to regional partition II! and denoted by II in Eq.~3.7!.

~iii ! III Mm,a
O (RW J) containsno reference to the on-site bas

functions. This is illustrated schematically in Fig. 2.
If O is the identity operator 1 then

(
K

(
L

Gm,a
1 ~K,L !5(

K,L
(

k

nK

(
l

nL

cm,a
K,k cm,a

L,l

3^BK,k~rW2RW K!uBL,l~rW2RW L!&

5 IMm,a
1 ~RW J!1 IIMm,a

1 ~RW J!

1 III Mm,a
1 ~RW J! ~3.8!

and since the basis orbitals~functions! on each center have
been conveniently chosen to be orthogonal,

FIG. 2. Illustration of the contributions I–III to expectation va
ues in a CuO4 cluster. TheJth atom is the central Cu, whereas th
neighboring O atoms denote the atomsK and L. The full curve
limits thed electrons of the central Cu and the dotted curves enc
the oxygenp electrons.
2-3
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IMm,a
1 ~RW J!5(

k

nJ

~cm,a
J,k !25 INm,a~J!. ~3.9!

If we define an overlap integral asSK,k,L,l5^BK,k(rW

2RW K)uBL,l(rW2RW L)& we get

IIMm,a
1 ~RW J!52 (

KÞJ
(

k

nK

cm,a
J,k cm,a

K,l SJ,k,K,l5
IINm,a~J!.

~3.10!

WhereasINm,a(J) has been interpreted by Mulliken a
the charge on atomJ due toa-spin electrons in MOfm,a ,
IINm,a(J) is thea-spin density that atomJ shares with all its
neighbors in the same MO. With the definition

ra~RW J!5(
m

occ

rm,a~RW J!5(
m

occ F IMm,a
1 ~RW J!1

1

2
IIMm,a

1 ~RW J!G
~3.11!

~noting that the sum is only over occupied MO’s only! this
gives the Mulliken charge density attributed to the nucl
center atRW J :

rMull~RW J!5ra~RW J!1rb~RW J!. ~3.12!

It should be noted that the Mulliken analysis of the cha
distribution has no physical meaning but it is very use
when discussing the charge distribution in molecules
clusters, perhaps more suited to systems which are noni
rather than ionic.

C. EFG and hyperfine coupling operators

The concepts developed above are now applied to ex
tation values of the operator

D i j ~xW !5S ¹i¹j2
1

3
d i j D D 1

x
2

2

3
d i j D

1

x
. ~3.13!

The expectation values of this operator cover three contr
tions of interest:

~i! The Fermi contact density: This is just the second te
on the right-hand side of Eq.~3.13! and its expectation value
gives rise to the expression (8p/3)uc(0)u2, whereuc(0)u2 is
the spin density at the target nucleus. We will not discuss
term in the following but we note that the same analy
which will be performed for the contributions to the EFG h
also been applied to the contact density. The correspon
results are given in Appendix A.

~ii ! EFG operator: This operator is only the first term
Eq. ~3.13! and transforms as a spherical harmonic of orde
and its expectation value for ans-like charge or spin distri-
bution vanishes. It is written as

D i j ~xW !5
3xixj2d i j x

2

x5
. ~3.14!

The expectation values of
06453
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D J
i j 5D i j ~xW2RW J! ~3.15!

determine the EFG tensoronly if the total charge density
distribution is used.

~iii ! Dipolar hyperfine coupling operator: This has exac
the same form as the EFG operator, but isonly used with the
total spin density distribution.

It will be convenient, and unlikely to cause confusio
since the only other operator defined is the unit operator 1
replaceO in Eqs. ~3.3!–~3.7! with just i j when we should
write D J

i j ~there is no need to repeatJ)

Mm,a
i j ~RW J!5^fm,a~xW !uD i j ~xW2RW J!ufm,a~xW !&

[Mm,a
D i j

~RW J!5 IMm,a
i j ~RW J!1 IIMm,a

i j ~RW J!

1 III Mm,a
i j ~RW J!. ~3.16!

Since the operator~3.15! contains a factor roughly propor
tional to the reciprocal of the cube of the distance fro
nuclear centerJ, we would expect that only those term
which describe the electron density close to the centeJ
would be significant. Clearly one of these term
is IMm,a

i j (RW J). Explicitly

IMm,a
i j ~RW J!5(

k

nJ

(
l

nJ

cm,a
J,k cm,a

J,l DJ,k,J,l
i j ~J!, ~3.17!

where DK,k,L,l
i j (J)5^BK,k(xW2RW K)uD J

i j uBL,l(xW2RW L)&. By
summing over all the occupied MO’s we define the quantit

IGa
i j 5(

m

occ

IMm,a
i j ~RW J!

IGb
i j 5(

m

occ

IMm,b
i j ~RW J!.

~3.18!

The contribution of the ‘‘on-site’’ terms~I! to the EFG is then
given by the sum

IVi j 5 IGa
i j 1 IGb

i j ~3.19!

and the difference

ITi j 5 IGa
i j 2 IGb

i j ~3.20!

is the corresponding contribution to the dipolar hyperfi
tensorT.

Analogous definitions determine the mixed on-site a
off-site contributions~II ! and those of purely off-site contri
butions~III !. This leads to the following representations f
the total EFG tensor:

Vi j 5 IVi j 1 IIVi j 1 IIIVi j 1Wi j ~3.21!

and for the dipolar term

Ti j 5 ITi j 1 IITi j 1 IIITi j . ~3.22!

Note that the last term in Eq.~3.21! represents the EFG
contribution of all nuclear point chargesZK . It is given by
2-4
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Wi j 5 (
KÞJ

3~RW K2RW J! i~RW K2RW J! j2d i j uRW K2RW Ju2

uRW K2RW Ju5
ZK .

~3.23!

Of courseWi j has no place in the electron-nuclear hyperfi
coupling tensor.

D. Density-matrix formulation of partitioning

The previous two subsections can be more succinctly
scribed using density-matrix terminology. In fact in Sec. V
it enables certain conclusions to be reached which would
difficult to achieve otherwise.

Let B be the column matrix of the complete set of ba
functionsBK,k(rW2RW k). It will be made clear shortly why we
want to order the basis functions such that those belongin
the target ion are placed at the beginning. The MO’s
a-spin projection can be written as the column matrix

Fa5ca
†B, ~3.24!

whereca is the matrix of the MO coefficients, each colum
corresponding to a particular MO. Equation~3.2! corre-
sponds to themth row of Fa which can be written here a
fm,a5cm,a

† B wherecm,a is themth column ofca .
In order to obtain the expectation values of the opera

O(rW) it is convenient to define the matrix

bO5^BuO~rW !uB†& ~3.25!

so that

Mm,a
O ~RW j !5Tr~cm,a

† bOcm,a!5Tr~cm,acm,a
† bO!5Tr~PmbO!

~3.26!

which is equivalent to Eq.~3.3!. Pm is the density matrix
cm,acm,a

† . In accordance with previous practice we ha
similarly for electrons with b-spin projection Qm

5cm,bcm,b
† .

Instead of discussing just individual MO’s we can us
fully define a total density matrix for all the electrons with
a-spin projection as

P5(
m

occ

Pm5caIaca
† , ~3.27!

whereIa is a diagonal matrix with 1 on themth diagonal if
MO m is occupied and zero otherwise.

Since we have ordered thenc basis orbitals of the cluste
core such that all thent basis orbitals on thetarget ion are
listed first we partition the density matrix as follows:

Pm5S Ipm A IIpm

. . . . . . . . .
IIpm

† A IIIpm

D , ~3.28!

where Ipm is annt3nt matrix, IIpm is annt3(nc2nt) ma-
trix and IIIpm is an (nc2nt)3(nc2nt) matrix. If we define
06453
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IPm5S Ipm A nt
0nc2nt

. . . . . . . . .

nc2nt
0nt A nc2nt

0nc2nt

D , ~3.29!

IIPm5S nt
0nt A IIpm

. . . . . . . . .
IIpm

† A nc2nt
0nc2nt

D , ~3.30!

and

IIIPm5S nt
0nt A nt

0nc2nt

. . . . . . . . .

nc2nt
0nt A IIIpm

D , ~3.31!

where j0k is a null j 3k matrix, we have

Pm5 IPm1 IIPm1 IIIPm . ~3.32!

Hence we have an equivalent expression for Eq.~3.7!,

Mm,a
O ~RW J!5Tr~ IPmbO!1Tr~ IIPmbO!1Tr~ IIIPmbO!,

~3.33!

that is, RMm,a
O (RW J)5Tr(RPmbO).

Having demonstrated the equivalence between the
mathematical approaches, for example, Eq.~3.18! can be re-
written equivalently as

IGa
i j 5Tr~ IPbi j ! IGb

i j 5Tr~ IQbi j !. ~3.34!

Thus the density-matrix approach emphasizes the parti
method chosen diagrammatically.

Equations~3.19! and ~3.20! can be succinctly written as

IVi j 5Tr@~ IP1 IQ!bi j # ~3.35!

and

ITi j 5Tr@~ IP2 IQ!bi j #, ~3.36!

where (IP1 IQ) is the total charge-density matrix and (IP
2 IQ) is the total spin-density matrix for region I.

FIG. 3. Highest occupied molecular orbital for th
Cu9O42/Cu12La50 cluster.
2-5
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IV. AN EXAMPLE OF REGIONAL PARTITIONING

To investigate the electronic structure of La2CuO4, a par-
ent compound of high-temperature superconducting ma
als such as La22xSrxCuO4, we have performed16 extended
first-principles cluster calculations. Several clusters conta
ing up to nine copper atoms embedded in a background
tential were investigated. In Fig. 3 the highest occupied m
lecular orbital of the cluster Cu9O42/Cu12La50 is shown. All
electron triple-zeta basis sets~6-311G Gaussian functions!
were used for nine Cu and 42 O atoms resulting in a tota
663 electrons.

The detailed results of the spin polarized calculations
ing the local-density approximation with generalized gra
ent corrections will be given in Sec. V C. Anticipating the
results, here the contributions toRGa

i j andRGb
i j from the

three regional partitions R5I, II, and III, respectively, for the
central copper and the oxygen atom indicated in Fig. 3
collected in Table I.

In contrast to point-ion charge models where only t
~small! valence charge is considered, the electronic struc
is here determined by using all-electron basis sets~including
core electrons! on the atoms in the center of the cluster. T
contributions of the nuclear point chargesW is, however,
canceled to a large extent by the off-si

TABLE I. Diagonal elements of the tensorsG from the contri-
butions of on-site~I!, on-site/off-site~II !, and off-site AO’s~III ! for
spin projectionsa andb for Cu and O. Contributions from nuclea
chargesW, EFG tensorV, and hyperfine tensorT.

Cu O
G xx yy zz xx yy zz

IGa 0.432 0.432 20.864 20.141 0.130 0.011
IGb 21.266 21.266 2.532 20.787 0.436 0.351

IIGa 0.073 0.073 20.146 0.018 20.013 20.005
IIGb 0.102 0.102 20.204 0.060 20.033 20.027

IIIGa 0.278 0.278 20.556 1.367 20.418 20.949
IIIGb 0.262 0.262 20.524 1.286 20.390 20.896

W 20.522 20.522 1.044 22.693 0.832 1.861

V 20.642 20.642 1.283 20.890 0.545 0.345
T 1.685 1.685 23.370 0.685 20.314 20.371
06453
ri-

-
o-
-

f

-
-

re

re

contributionsIIIGa,b . Adding and subtracting the contribu
tions from thea and b spin projections we get the EFG
components and dipolar hyperfine couplings, respectiv
listed in Table II. It is seen that the combined contributio
from region III andW are small. For the oxygen, the value
from region II give a reduction of the main contribution
from region I by about 10%, for copper by 20%. For th
dipolar hyperfine couplings, the contributions from regio
other than I mostly cancel.

It is remarkable that the calculations on the small clust
shown in Fig. 1 already give values for the EFG and t
dipolar hyperfine couplings that are close to those obtai
from the large cluster with nine copper ions. With the clus
CuO6 /Cu4La10 @Fig. 1~a! whereX5Y5La# we obtain at the
copper the valuesVzz51.396 andTzz523.526. With the
cluster Cu2O11/Cu6La16 @Fig. 1~b! whereX5Y5Z5La# we
getVzz51.167 andTzz523.467 and, for the O as target ion
Vxx520.862 andTxx50.652. This demonstrates that the
properties depend on the local charge and spin distribut
and that cluster approaches are especially suited for t
detailed investigations.

V. CORRELATION OF FIRST-PRINCIPLES PARTITIONS
WITH STERNHEIMER TERMS

A. Introductory remarks

Ideally we would like to have a correspondence betwe
the terms of the first-principles calculation, Eq.~3.21!, with
the semiempirical Sternheimer equation, Eq.~2.1!. But the
approaches are quite different. The first-principles appro
is a straightforward application of molecular-orbital theo
using the density-functional method to obtain the elect
density from which the expectation value of the appropri
operator@Eq. ~3.13!# is calculated. We would like to empha
sise that the particular choice of theoretical method is
crucial. The same argument applies for Hartree-Fock or
proved methods like multiconfiguration self-consistent fie
Mo” ller-Plesset and configuration interaction methods. T
limitations of the approach are largely determined by av
able computer resources which in our case effectively de
mine the size of the cluster we can use.

In the Sternheimer approach the starting point is to reg
the target ion in a crystal as isolated and then add term
compensate for the recognized interactions. Although hist
cally the semiempirical approach always precedes the fi
principles methods, sometimes by many years, the valu
the Sternheimer equation should not be discarded lig
onal
TABLE II. Contributions to the EFG and the hyperfine coupling tensor from the different regi
partitions.

Region Vzz~Cu! Tzz~Cu! Vxx~O! Vyy~O! Vzz~O! Txx~O! Tyy~O! Tzz~O!

I 1.668 23.396 20.928 0.566 0.362 0.646 20.306 20.340
II 20.350 0.058 0.078 20.046 20.032 20.042 0.020 0.022
III 1 W 20.036 20.032 20.040 0.024 0.016 0.081 20.028 20.053

Total 1.282 23.370 20.890 0.544 0.346 0.685 20.314 20.371
2-6
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ELECTRIC FIELD GRADIENTS FROM FIRST- . . . PHYSICAL REVIEW B65 064532
since it appeals to the perturbed atomic picture, a mo
which has been and still is the cornerstone of experime
chemistry, rather than the more intractable molecular pict
On the other hand, as in chemistry where some molec
demonstrate high degrees of electron delocalization, it is n
essary to abandon the atomic picture in favor of special m
lecular models. A good example is the separation of aliph
and aromatic organic chemistries. However, the subject m
ter is enormous in both these areas and the separation is
than justified. This is to be contrasted with the relative
small number of high-Tc superconducting materials so it wa
natural to pursue the perturbed atom approach. It is clear
because of the above differences in approach an immed
correspondence between the first-principles approach an
semiempirical approach is not to be found. But since
understand the terms in the SE there is a chance of s
correspondence.

B. Identification of terms in the Sternheimer equation

First we look at theVii
lattice term in Eq.~2.1!. This is the

contribution to the EFG of the environment of the target io
In Eq. ~3.21! this is the purely off-site contribution of th
cluster IIIVii and the contribution from the point charges su
rounding the clusterWii @Eq. ~3.23!#:

Vii
lattice5 IIIVii 1Wii . ~5.1!

Vii
local is an atomic~ionic! term which is at the core of the

semiempirical perturbation approach. Cluster calculati
are analogous to molecular-orbital calculations where
properties of atoms largely disappear as identifiable ent
although some analyses of the electron-density distribu
attempt to allocate charges to particular atoms~such as the
commonly used Mulliken21 population analysis!. However, it
must be stressed that such analyses serve only as a u
guide, and are not without controversy. One study22 con-
cluded that the Lo¨wdin23 population analysis was more ap
propriate than either the Mulliken21 or a modified Mulliken22

designed for heteronuclear bonds.
Previous cluster calculations have shown that the deg

of overlap and delocalization of the target ion electrons
considerable which places in doubt the validity of perturb
tion methods using an isolated ion as the zeroth function

IVii is the closest we can get toVii
local since IVii is the

contribution toVii from only the basis orbitals centered o
the target atom. The semiempirical approach is well awar
the potential distortion, and associated antishielding effec
Vii , of the target ion by the environment of charges. TheR
andg terms were introduced to accommodate this. Since
first-principles calculation purports to include such dist
tions automatically in IVii we are inclined to absorb
2gVii

lattice into Vii
local replace it in Eq.~2.1! by IVii to give

approximately

Vii 5~12R! IVii 1
IIIVii 1Wii . ~5.2!

However, comparing Eq.~5.2! with Eq. ~3.21!, noting that
we have already identified the first-principles correlation
Vii

lattice , we deduce that
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2R IVii 5
IIVii ~5.3!

enabling us to estimateR from our first-principles regiona
partitioning approach. We obtain~values used in some sem
empirical estimates are in brackets!

RCu50.21 ~0.2! and ROxx
50.084~0.1!

which seems to justify our approach.R was introduced origi-
nally to take account of the antishielding caused by the ov
lap of charge distributions in the immediate neighborhood
the target atom.

It should be noted thatROyy
50.081 andROzz

50.101
showing thatR is not necessarily just a simple scalar para
eter. However, for the more symmetrical situated copper i
in the lattice with an axially symmetric EFG all componen
RCuii

are identical.
The apparent correspondence of our calculations with

terms of the Sternheimer equation to obtainR above is un-
satisfactory in that the quantityg has had to be absorbed int
the ‘‘target free ion,’’ in other words,IVii 5 f (g). Therefore
R is a function ofg, a result which questions the usefulne
of either. This doubt is reinforced forg ~see Ref. 24! since
the large values necessary for the parameter clearly ap
unsuitable to regard the antishielding as a perturbation.

However, before we disregardg entirely we have calcu-
lated it independently, assuming that the SE equation is
rect, using first-principles calculations on a cluster used
model the effects of doping. The model and results are
scribed in Appendix B, and agree with estimates in the
erature thatg is uncomfortably large. The evidence he
points to the conclusion that the cuprate compounds can
be satisfactorily analyzed using formulas based on first-o
perturbation theory.

C. EFG contributions from region I

This section discusses the contributions to the EFG fr
the local, on-site term,IMm,a

i j (RW j ), first in a simplifying ap-
proach and then rigorously. This is important because Vi i

local

is assumed to be ‘‘exact’’ in the Sternheimer equation.
The basis functions at each center are normally chose

be radial functions, multiplied by a spherical harmonic, th
is, hydrogenlike. Thes functions are spherical, thep func-
tions always occur as a grouppx , py , andpz , the d func-
tions as the groupdz22r 2/3 , dzx , dyz , dx22y2, dxy , etc.

A simplifying approach is based on the following arg
mentation. If all the functions in a group are equally occ
pied the associated electron density is spherical and the
tribution to the EFG will be zero. So we are only interest
in those functions which form part of the nonspherical de
sity. So an electron configuration in the valence orbitalp1

will be analogous to the configurationp5 or p2 ~if both elec-
trons have the same spin! that is, equivalent to a single hol
in a spherical density. Of course here the ion will be in
crystal field and the degeneracies within each group may
lifted in which case we can be more definite than saying j
p1 but, depending on the choice of axes,px

1 .
2-7
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This simplifies Eq.~3.18! to just IMh,a
i j (RW J) whereh is

the orbital which introduces the asymmetry into the spher
distribution about centerJ. It is possible that the asymmetr
is caused by theb spin orbital so the term we shoul
useIMh,b

i j (RW J) as would be the case inp5, for example, ab
hole in the spherical distribution.

Even IMh,a
i j (RW J) is simplified because in this discussio

only one orbital on centerJ is involved which we denote by
g,

IGa
i j 5 IMh,a

i j ~RW J!5ch,a
J,g ch,a

J,g DJ,g,J,g
i j ~J!. ~5.4!

This is therefore the required result subject to all the
approximations introduced above:

Vi j ~RW J!5 IGa
i j }ng^r

23&g , ~5.5!

whereng is the occupancy of orbitalg. In particular

Vxx~O!5
2

5
@23n~2px!2n~2py!2n~2pz!#^r

23&2p

~5.6!

for the oxygen and

Vzz~Cu!5
2

7
@23n~3dx22y2!123n~3dxy!2n~3dzx!

2n~3dyz!223n~3d3z22r 2!#^r 23&3d ~5.7!

for the copper, and similarly for the other components ofVii .
The right-hand side of these equations@Eqs. ~5.6! and

~5.7!# is just the form of the equation often used to estim
the occupanciesn of orbitals.^r 23&g is taken as the value fo
the atom or ion from calculation. This may be a poor es
mate sincê r 23& is expected to be affected significantly b
the crystal field which will tend to lift degeneracies and co
centrate the asymmetries along particular directions.

In the rigorous approach, the on-site matr
elementsIMm,a

i j are determined in the following way. Th
expectation valueŝr 23&m,a are performed analytically. The
coefficientscg,a

J,g are given by theg,a eigenvectors of the
self-consistent field equations. It must be emphasized tha
the basis set 6-311G there are three radial functions for e
of the five 3d orbitals of Cu and three for each of the 2p
orbitals. We remark that the relation

TABLE III. Contributions of on-site AO’s~region I! for spin
projectiona andb for the planar oxygen.

a b
xx yy zz xx yy zz

px 3.046 21.523 21.523 2.370 21.185 21.185
py 21.613 3.226 21.613 21.592 3.184 21.592
pz 21.574 21.573 3.147 21.564 21.564 3.128

IG 20.141 0.130 0.011 20.787 0.436 0.351
06453
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5
3cm,a

J,mcm,a
J,m3^r 23&m,a5 IMm,a

xx ~RW J! ~5.8!

which is valid for an orbitalm showing 2px symmetry im-
plies the relation

4

5
3 INa~2px!3 I^r 23&a5 IGa

xx ~5.9!

after performing the average over all the orbitals having
same symmetry. The resulting values for the oxygen in
above-mentioned Cu9O42 cluster are given in Tables III and
IV.

We first note that the expectation values^r 23& differ for
the threep orbitals and the spin projections by several p
cents in contrast to the assumptions in the simplified
proach. It is evident that̂r 23&x differs from the other com-
ponents since the bonding is along thex direction, but also
^r 23&y and^r 23&z differ. This is due to a nonsymmetric dis
tribution of the electron densities as it is plotted in Fig. 4 f
the 2p electrons in oxygen. Furthermore the values^r 23&
;4 are about 10% larger than those obtained from calc
tions on isolated atoms or ions. In Table IV we have a
given the Mulliken partial charges@see Eq.~3.11!# which
show that the two 2pp are effectively fully occupied. It is

TABLE IV. OccupationsIN(2pj ) and Mulliken partial charges
r of the 2p orbitals, and averaged values of^r 23&.

2px 2py 2pz

INa 0.921 1.018 1.006
INb 0.737 1.013 1.006

ra 0.914 0.999 1.001
rb 0.783 0.994 1.001

I^r 23&a 4.135 3.961 3.911
I^r 23&b 4.044 3.933 3.885

FIG. 4. Density distribution of the 2p oxygen electrons in ayz
plane perpendicular to the Cu-O-Cu connection line and through
oxygen atom. The arrows point along increasing densities.
equidensity lines close to the density maxima show that th
maxima are larger in they than in thez direction.
2-8
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only the 2ps atomic orbital~AO! which is involved in the
bonding and the convey of spin density from the copper
the ligand.

The results of the analogous analysis of the contributi
to the EFG and hyperfine dipole tensor for the Cu target
are collected in Tables V and VI. The values call
‘‘remainder(s,d)’’ come from terms in the evaluation of ma
trix elements~3.17! where one basis function iss like and the
otherd like. The contributions from the Cup-type orbitals to
the EFG are substantial. This is due to the large^r 23& val-
ues. The occupancies of these orbitals, however, are clo
1. The same applies to the threed orbitals witht2g symmetry
as is seen from the Mulliken partial charges in Table VI.
expected, the distinguished AO is the 3dx22y2 accompanied
with some polarization in the 3d3z22r 2. Note, again, that
^r 23&3d'8, in contrast to the value'6 used in approximate
procedures.

In a similar way the contributionsIIGa
i j andIIGb

i j from re-
gion II can be analyzed. The results are given in Appendix

D. Electron-hole symmetry

It should be emphasized that the occupationsINa are de-
termined by the expansion coefficients of the occupied M
into the individual AO’s. To connect the results of theab
initio calculations with EFG analyses using the hole pict
we can identify the unoccupied MO’s which lie lowest
energy as contributions from ‘‘holes.’’ In particular, in ou
example of a Cu9O42 cluster, there are nine such unoccupi
MO’s above the highest occupied molecular orbital~HOMO!
which all show predominantly 3dx22y2 and 2ps character on

TABLE V. Contributions of on-site AO’s~region I! for spin
projectionsa andb for the central copper.

IGzz a b

Remainder(d,s) 0.214 0.232
p 20.651 20.599
dx22y2 24.839 21.325
dz22r 2/3 4.453 4.277
dxy 24.563 24.538
dzx , dyz 4.522 4.485

IGzz 20.864 2.532

TABLE VI. OccupationsIN and Mulliken partial chargesr of
the 3d orbitals, and averaged values of^r 23&.

3dx22y2 3dz22r 2/3 3dxy 3dzx 3dyz

INa 1.030 0.966 1.000 0.998 0.998
INb 0.297 0.939 1.000 0.998 0.998

ra 0.999 0.971 0.997 0.997 0.997
rb 0.358 0.946 0.997 0.997 0.997

I^r 23&a 8.224 8.066 7.982 7.926 7.926
I^r 23&b 7.821 7.976 7.939 7.864 7.864
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the copper and oxygen rows, respectively. If we assume
they were occupied we would get contributions to the E
and hyperfine tensor which we define byV̄i j andT̄i j . These
are collected in Tables VII~for oxygen! and VIII ~for copper!
together with the valuesVi j and Ti j as calculated from all
occupied MO’s~see Table I!.

For an isolated ion, one has the relations

Vi j 1V̄i j 50 ~5.10!

and

Ti j 1T̄i j 50. ~5.11!

For ions in the cluster, Eq.~5.10! is not necessarily correc
since the environment is generally nonspherical as is sh
in Sec. V E. Tables VII and VIII show that relation~5.11!
approximately holds but that Eq.~5.10! is not fulfilled. In
this respect we remark that a calculation on the clus
(CuO6)211 ~see Fig. 1!, where the Cu is nominally in ad10

state, yieldsVzz522.412.

E. Density-matrix argument

Since, contrary to the usual assumption, Eq.~5.10! is not
correct under all conditions we will present the detailed th
oretical background in this section. We will not initially refe
to the electron-spin projection and so the terminology will
identical to that used in Sec. III D except for thea subscript.

So from Sec. III D Eq.~3.24!,

F5c†B, ~5.12!

where c is the matrix of MO coefficients collected in co
umns. The overlap matrix is defined as@usingO51 in Eq.
~3.25!#

S5b15^BuB†&. ~5.13!

TABLE VII. Electric field gradientsVii and the hyperfine ten-

sorsTii for the occupied states andV̄ii andT̄ii from the unoccupied
states close but above the Fermi energy for the planar oxygen a

i Vii V̄ii
Tii T̄i i

x 20.873 0.624 0.685 20.624
y 0.563 20.284 20.314 0.284
z 0.310 20.340 20.371 0.340

TABLE VIII. Electric field gradientsVii and the hyperfine ten-

sorsTii for the occupied states andV̄ii andT̄ii from the unoccupied
states close but above the Fermi energy for the central co
nucleus.

i Vii V̄ii
Tii T̄i i

x,y 20.623 1.670 1.685 21.670
z 1.246 23.340 23.370 3.340
2-9
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However, it is more convenient for us to use an orthogon
but entirely equivalent, basis set of orbitals. We will lab
these by the column matrixB8 such that

B85S21/2B ~5.14!

and

Inc
5^B8uB8† &, ~5.15!

whereInc
is the unit matrix of dimensionnc . The MO’s are

now written as

F5dB8, ~5.16!

whered5cS1/2, the MO coefficients in the orthogonal bas
We now define spin MO’sFa , to hold electrons with spin
projection1 1

2 , andFb , to hold electrons with spin projec
tion 2 1

2 . Since each spin orbital can only hold one electr
we need two density matrices,P and Q, to describe the
a-spin andb-spin densities, respectively,

P5daIada
† Q5dbIbdb

† , ~5.17!

whereIa is a diagonalm3m matrix with 1’s for each occu-
pied a-spin and zeroes otherwise.Ib is similar. The charge-
density matrix, necessary to calculate the EFG’s, is given
P1Q and the spin-density matrix, necessary to calculate
hyperfine tensor, is given byP2Q. In keeping with previous
practice we can evaluate the ‘‘hole’’ density. This hole de
sity is simply the total empty Hilbert spaceIm minus theP or
Q. The charge hole density is

Im2P1Im2Q52Im2~P1Q! ~5.18!

and the spin hole density is

Im2P2~ Im2Q!52~P2Q!. ~5.19!

Since the former includes the diagonal matrix 2Im this can
make a contribution to the hole EFG calculation. If the H
bert space is not spherical, or at least does not possess
symmetry, the contribution will be nonzero. So the relati
given in Eq. ~5.10! is not strictly valid in ions where the
degeneracy of thed-type orbitals is lifted. The degeneracy
only lifted if the symmetry is less than cubic. In all cases
practical interest

Vi j 1V̄i j Þ0. ~5.20!

On the other hand, the spin hole density is simply the ne
tive of the spin-density matrix leading to a verification of E
~5.11!,

Ti j 1T̄i j 50. ~5.21!

We can use this argument to explain why, in Tables V
and VIII, the difference between the EFG’s calculated fro
the occupied orbitals and the EFG’s approximately cal
lated from selected unoccupied orbitals differ more marke
than the difference between equivalent calculations for
hyperfine tensors. If all the unoccupied orbitals are tak
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there is no difference between the occupied calculation
unoccupied calculation for the hyperfine tensor.

VI. DISCUSSION AND CONCLUSIONS

The number of problems which can be solved exactly
wave mechanics is very small and the perturbation meth
originally devised for classical systems, was developed.
sentially, used in its less rigorous form, the problem is
duced to identifying that part which is well understood a
treating the rest as a perturbation. In ionic crystals where
properties, for example the EFG, of one of the ions~the
target ion! is of interest, the purpose is to try and predict ho
changes to the properties of the isolated target ion can
accounted for by perturbation from its environment. In t
mathematics of perturbation theory the changes to the ta
ion wave function can be achieved by mixing in the excit
states of the target ion. Since the excited states form a c
plete set of functions this is always true although probabl
very inefficient process.

An environment of ions~point charges! contributes to the
EFG at the target ion but will also interact with the electro
of the target ion to cause a distortion which in turn chang
the electron contribution to the EFG. Such distortions sho
be easily simulated by judiciously mixing in the excite
states of the target ion with its ground state. However, if
possibility of covalent bonding occurs two problems seem
arise. First the overlap of orbitals with nearest-neighbor io
to the target ion and second the possibility, in a Mullik
population sense, of a transfer of electronic charge. Altho
in principle this can be accommodated by including the
cited states of the target ion, it is hardly a small perturbat
questioning the applicability of the method to crystals whe
the possibility that covalent bonding occurs.

The Sternheimer equation~Sec. II! uses a first-order
perturbation-theory type argument to obtain the individu
terms which we attempt to correlate with different regions
the crystals~see Secs. III B and III D!. Starting from a lattice
of ionic charges the contribution to the EFG can be ea
calculated at the target ion~Sec. III C!. Of course the targe
ion, assumed to be a point charge, makes no contribut
The electronic structure about the target ion is very import
~Secs. V D and V E! as long as it is not spherically symme
ric. Since the crystal lattice interacts with the target ion~a
crystal field! any asymmetry in the electron distribution~for
example, unfilled shells! will be significant since the crysta
field will lift some degeneracies. TheVii

local term is therefore
crucial and fortunately is easily amenable to accurate ca
lation and transferable for the same ion to other crystals w
a different chemical constitution. Although this crystal fie
could be guessed as being a small perturbation this is cle
not supported by the large value ofg calculated here which
are the same order of magnitude as those obtained ‘‘exp
mentally’’ ~see also Appendix C!.

However, the shielding parameterR ~Sec. V B!, intended
to take account of ‘‘overlap’’ with nearest-neighbor ions,
rather more difficult to justify as a first-order perturbatio
parameter. The ‘‘overlap’’ with the nearest-neighbor orbita
could potentially lead to large electron-density distortion
2-10
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TABLE IX. Expectation values of thes-like AO’s, ucnsu2, contact densitiesDns , and polarizationsf ns at
Cu and O, respectively. ForDns the total values are given with the contributions from regions II and III
parentheses.

n ucns(Cu)u2 Dns(Cu) f ns@%# ucns(O)u2 Dns(O) f ns@%#

1 7300 20.053(0.000) 28.6631025 141 20.262(0.001) 20.0222
2 725 23.637(0.002) 25.9931022 6.77 1.516(0.055) 2.673
3 107 2.575(0.013) 0.288
4 2.35 2.037(20.017) 10.35
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particularly of the outer shells, and also significant cha
transfer. A better representation of this intuitive picture is
multicenter model which is at the core of molecular-orbi
theory. Unfortunately this complicates the interpretation oR
and reduces its usefulness as does the conclusion thatR and
g are not independent.

The use of experimental or theoretical data from isola
ions has long been a method of extracting information fr
a crystal system. Even without the complications of crys
fields or ‘‘overlap’’ the very existence of the lattice surroun
ing the target ion produces an unyielding restrictive ca
from Pauli’s exclusion principle. Ions can be attributed
ionic radius which apparently determines the structures
many ionic crystals. Any transfer of electronic charge on
the ion will hardly be able to use valence orbitals of t
expected ‘‘free ion’’ size. This will no doubt contract th
inner shell orbitals to compensate changing the experime
free ion EFG’s.

We conclude that the perturbed ion approach which
sults in the Sternheimer equation is inappropriate for cup
crystals which are common in high-temperature superc
ducting materials mainly due to the significant covale
bonding in the CuO2 planes. However, this has other cons
quences since the perturbation model also suggests an
method to estimate the ‘‘holes’’ in the electron structure fro
the EFG’s, whose distribution in turn is essential for mod
of superconductivity itself. We have shown that these e
mates are probably wrong and at the very least their va
should be reassessed. Therefore precise information on
charge- and spin-density distributions in copper oxides
necessary and EFG’s, determined by nuclear quadru
resonance spectroscopy, can help to provide this informa
It is necessary, however, that they are analyzed in a m
sophisticated manner than with point-charge models.
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APPENDIX A: CONTACT DENSITIES

The regional partitioning for the evaluation of the EF
tensors and the dipolar hyperfine tensors applies also for
contact interaction. The corresponding results are given
this appendix.

We denote the contact density for the target nucleusJ as

D~RW J!5
8p

3 S (m ucm
↑ ~RW J!u22(

m8
ucm8

↓
~RW J!u2D , ~A1!

where the sum extends over the occupied MO’s and perf
the same regional partitioning as in Sec. IV. The total con
butions toDns(Cu) andDns(O) for the differents-like AO’s
are listed in Table IX with the small contributions from re
gions II and III given in parentheses. Since the expectat
valuesucns(RW J)u2 have nearly the same values for spin-
and -down projections we can describe the results also
terms of partial polarizationsf ns according to

Dns~RW J!5
8p

3
ucns~RW J!u2f ns . ~A2!

Note that these results refer to maximal spin multiplici
Thus the values forD(Cu) andD(O) include the transferred
hyperfine fields from the four and two nearest-neighbor c
per ions, respectively. These transferred hyperfine fields h
been discussed extensively in Refs. 17 and 25.

APPENDIX B: ESTIMATE OF g PARAMETER

We have performed several cluster calculations wh
point chargesq have been added to the La31 pseudopoten-
tials at positionsX, Y, andZ for the clusters CuO6 /Cu4La10

TABLE XI. Calculated values ofg for the cluster in Fig. 1~b!
with additional point charges at positionsX, Y, andZ.

X Y Z g(Cu) g(O)

20.1 20.1 20.1 237 233
0 20.1 20.1 240 232
0 0 21.0 226 233
2-11
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and Cu2O11/Cu6La16 ~see Fig. 1!. For the cluster
CuO6 /Cu4La10 the target ions are the central Cu and t
planar O on thex axis whereas for Cu2O11/Cu6La16 the tar-
get ions are the Cu to the right and the central O. Since th
additional charges are in region III, the differences in t
calculated EFG tensors are then identified with the te
DVii (q)5(12g)DW(q).

The results are collected in Tables X and XI. It is seen t
theseg values are unreasonably large and that these ‘‘latti
contributions in the SE cannot be used at all. What rea
happens is that the additional charges distort and polarize
nearby ions~oxygens in the present cases! which in turn then
influence the target ion.

TABLE XII. Contributions to IIG from region II for spin pro-
jection a andb for the planar oxygen.

a b
xx yy zz xx yy zz

s 20.004 0.001 0.003 0.002 20.002 20.001
px 0.021 20.011 20.010 0.057 20.028 20.028
py 0.001 20.004 0.003 0.001 20.004 0.003
pz 0.000 0.001 20.001 0.000 0.001 20.001

IIG 0.018 20.013 20.005 0.060 20.033 20.027
Y

.D

nd

oc

hi,
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APPENDIX C: CONTRIBUTIONS FROM REGION II

For completeness we collect here the results of the an
sis of the contributions from region II~see Sec. V C!. With
the oxygen as target nucleus, the values ofIIGa

i i andIIGb
i i are

given in Table XII. Note that the contributions assigned tos
character are due to matrix elements of the operatorD be-
tween s-type functions centered at the oxygen andd-type
functions centered at the neighboring copper nuclei. In Ta
XIII the contributions from region II for the copper targe
nucleus are given.

TABLE XIII. Contributions to IIG from region II for spin pro-
jectionsa andb for the central copper.

IIGzz a b

Remainder 0.000 0.000
s 0.001 0.003
p 0.011 0.011
dx22y2 0.013 20.025
dz22r 2/3 20.172 20.194
dxy 0.001 0.001
dzx , dyz 0.000 0.000

IIGzz 20.146 20.204
r,

ger,
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