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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 Guglane. 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 parametd®sand y. Our most optimistic objective was to find expressions for these
parameters, which would improve our understanding of them, but although estimatesRopdhemeter were
encouraging, the method used to obtain thparameter indicated that the two parameters may not be inde-
pendent. The problem seems to stem from the covalently bonded nature of thepl@n€s 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.
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I. INTRODUCTION but with opposite sign. It seems that this concept is widely
adopted unconditionally. In the present paper we also address
There is a large quantity of nuclear magnetic resonancéhis assumption, called here the electron-hole symmetry. We
(NMR) data from high-temperature superconducting cupratelemonstrate that it is entirely unjustified for the Cu ions in a
crystals from which electric field gradientEFG'’s) can be  cuprate environment but also leads to false estimates of the
derived. EFG’s are a measure of the nonspherical compd=sFG values at the oxygens in the Cu@lanes.
nents of the charge distribution surrounding the nucleus of In order to quantify our doubts on the applicability of the
interest and is used to estimate the hole population in modelSE and of the electron-hole symmetry to the evaluation of
of superconductivity. Most estimatioh€ have been made EFG in copper oxides we have used the wave functions from
using a point-ion model with Sternheimer correction factorspreviously published first-principles calculations and
called here the Sternheimer equafi®SE) which is briefly ~ complemented them for illustrative purposes with additional
discussed in Sec. Il. In particular the measured changes simulations. These are cluster calculattdré on LaCuQ,
the EFG on doping have been discusSetfin terms of the and YBgCu;O, cuprates using the density-functional theory
distribution of the additional holes among the orbitals onwith local-density approximation and generalized gradient
each ion. In related areas of research, however, point-charg®rrections, which have provided EFG data for the Cu and O
models are apparently no longer in tisalthough there does in the CuQ planes in agreement with experiment. Calcula-
not seem to be any report in the literature discussing théions which used augmented plane waves give similar
unreliability of the SE. In this paper we address this problemagreemerf® for all nuclei except copper in the CyO
particularly for systems where there is evidence that theplane. It is not the purpose of the present paper to discuss
bonding between “ions” is more covalent than ionic. The such differences since the focus is solely on the reliability of
CuG, sheets, which are a common feature of all cuprategoint-ion calculations. For detailed comparisons with experi-
showing high-temperature superconductivity behavior, arenental measurements we refer to Refs. 16 and 17.
thought to have bonds showing a distinct covalent character. The general idea of the cluster approach to electronic
In addition to the point-ion approximation, the above- structure calculations of properties which depend upon pre-
mentioned semiempirical analyses of EFG values in cupratdominantly local electron densities is that the parameters that
superconductors are also based on the assumption that tblkaracterize a small cluster should be transferable to the
EFG values at a nucleus can be calculafeith opposite solid and largely determine its properties. The essential con-
sign) for that configuration where the unoccupied spin orbit-tributions to EFG’s and to magnetic hyperfine fields are
als are assumed to be occupied and the occupied spin orbitajsvzen by rather localized interactions and therefore it is ex-
are assumed to be unoccupied. For the @3 ®n, in par-  pected that these local properties can be determined and un-
ticular, it is expected that the EFG is just the same as @dr 3 derstood with clusters calculations. Approximations must be
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made concerning the treatment of the lattice in which the (a) o X (b) oX ox
cluster is embedded. Using as large a cluster as is possible is
of course advantageous. It is necessary, however, that the
results obtained should be checked with respect to their de-
pendence on the cluster size.

The basic principles of cluster calculations are briefly dis-
cussed in Sec. lll A and the general contributions to the one-
electron operator from regional partitioning are given in Sec.
[l B. In Sec. lll C, this is then applied to the EFG operator
and also to the hyperfine coupling operator. The latter which  F|G. 1. The Cu@/Cu,Lay, and CyO,;/CugLayg clusters. The
can be used for clusters with unpaired electron spins is veryotationsX, Y, andZ are for later referencésee Appendix B
similar to the EFG operator. The only difference is that it
uses the spin density and the EFG the charge density. space between the target ion and its nearest neighbors, and

Effectively the cluster calculation of the EFG is divided the rest of the ions in the crystéiere referred to asittice).
into contributions from the ion of intereghe target ioh, the There is large spread of values for the parameters, in par-
rest of the cluster and the overlap between these two. ThiScular y, derived from EFG data for superconducting cu-
regional partitioning technique is described in Sec. IV andprates. For copper, values ferof —7.6, —10.4, — 17, and
the contributions to the EFG for a particular cluster calcula-—20 have been reported in Refs. 1-4, respectively. For pla-
tion are given as an example. In Sec. V correlations of firstnar oxygen ions the lattice contributions{1y) V3¢ ac-
principles partitions with Sternheimer terms are investigatedeounts for 36 and 60% of the totsl,, in Refs. 13 and 14,

The above-mentioned partition enable the Sternheimer antiespectively.
shielding factorsR and vy, to be associated with quantities

oY Y oz

calculated from first principleésee Sec. V B which in turn IIl. EIRST-PRINCIPLES CALCULATIONS ON CLUSTERS
allows us to compare the predictions of the SE for a model o _
cluster with that of theab initio calculation of the same A. Description of cluster calculations

cluster. This provides a much more sensitive test of the SE A cluster is a careful selection of ions within a crystal
than COUId 0therW|Se be Obta|ned. In Sec. VC the Cont“bUWhich are intended to be able to calculate localized proper-

tions from the target ion are analyzed in terms of the indijes accurately. The target idthe ion whose properties are
vidual orbitals indicating how the “holes” have been deter- g he calculaterdshould be at or very near the center of the
mined. The shortcomings of the simplifying approaches arg|yster. The target and normally, at least, its nearest neigh-
pointed out. It is shown that the values of the EFG are depors form the core of the cluster and are treated most accu-
termined by a subtle cancellation of large individual terms.rately using first-principles all-electron methods. Outside this
In Secs. VD and V E the electron-hole symmetry is studiedcore the next shell of positively charged ions are represented

A summary and conclusions are given in Sec. VI. by pseudopotential functions which have been shown to be-
Except for energies, atomic units are used throughout, i.epaye better than just bare charges to represent the ions since

the EFG components/;; are given ineag’=—lelag®  pseudopotentials prevent unrealistic electron-density distor-

=—Hal/a3. The quantityq;; =V, /|e| then corresponds to tions characteristic of the positive point charges. Bare

—9.7174<10% in units of V/n?. charges £2000) are used outside the shell of pseudopoten-

tials to simulate the rest of the crystal lattice. Some of the

Il. STERNHEIMER EQUATION more remote charges from the target ion are moved slightly

so that the target ion experiences the correct Madelung po-
The Sternheimer equation has been written in the followtential.
ing form? The present work aims at an assessment of calculations of
_ EFG with a point-ion model and Sternheimer corrections and
Vii=(1—R)VIPl4 (1— y)viattice, (2.1)  comparison with first-principles methods. To illustrate the
problems we use here the results from three different clusters
where V;; is one of the diagonal components of the EFGwhich all simulate the compound k&uQ, but we note that
tensor for a target ion which can be determined experimensimilar results have been obtained for Y,BasO,. The core
tally, V;>°®' is the experimental EFG component of the targetof these clusters comprise one, two, and nine copper ions,
free ion, and\/!f‘“"’e is the contribution to the EFG compo- respectively, each with an appropriate number of nearest-
nent from the charges in the lattice surrounding the targeteighbor oxygen ions.
ion. The two parameters in the equation are both antishield- Only the central Cu ion in the cluster CyCCu,Lay, [Fig.
ing factors;R arises from the electrons in the valence shell ofl(a) where X=Y=La] is used as the target ion which, to-
the target ion which are possibly overlapping the electrorgether with the six nearest-neighbor oxygen ions, forms the
distribution of the nearest-neighbor ions, apéccounts for  core of the cluster used for the all-electron calculation. The
the contribution of the EFG due to the polarization of theneighboring four Cu and ten La ions are represented by
target ion in the electric field of the environmental charges.pseudopotential functions. In the £y4;/CuglLa;g cluster
The crystal structure is therefore split up into three re-[Fig. 1(b) whereX=Y=Z=La] we have used both the cen-
gions, the isolated target iohere referred to alcal), the  tral oxygen ion and the neighboring two Cu ions separately
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as target ions. The core of the cluster additionally includes
the ten nearest-neighbor oxygen ions. The adjacent 6 Cu and
16 La ions are represented by pseudopotential functions.

The nuclear positions have been chdSewcording to the
tetragonal structure of LE&uUO, (space group4/mmmn) with
a=b=3.77 A andc=13.18 A, with a Cu-O4) distance of
2.40 A and with a Cu-La distance of 4.77 A.

The cluster core uses a 6-311G basis set as provided by
Gaussian 98. The density-functional method was used to ob-
tain the wave functions from which the EFG at the target
ions were calculated. This procedure has been used consis-
tently by us since the wave functions which are produced
give calculated properties which are in agreement with ex-
perimental values. FIG. 2. lllustration of the contributions I-Ill to expectation val-

It should be noted that the lattice region of the yesin a CuQ cluster. Thelth atom is the central Cu, whereas the
Sternheimer equation includes all bare charges, the pSEUdﬁeighboring O atoms denote the atoiisand L. The full curve
potential ions and all the ions of the cluster core except th@imits thed electrons of the central Cu and the dotted curves enclose

target ion. the oxygenp electrons.
B. Contributions to the one-electron operator from regional (K L)= E 2 CK K L| "Bk, k(r — RK)
partitioning
Let us consider a system of nuclear centers. Thith X|O(r =Ry)[BL(r —RL)). 3.9

center, at siteﬁK, is the origin forng basis functions which )

wallv orth | Theth basis funcii B i We note that in Eq(3.4) K andL sum over all nuclear
are mutuaily orthogona asis function on Sit&x IS canters of the cluster and that the target ionl.isThe SE
denoted byBy (r — Ry). The total number of basis functions concentrates entirely on the target ion and so will we. Hence

(atomic orbitalg is in Eq. (3.4) we separate out the target ion as follows:

. MR o(R) =T, (3.9)+ > TQ (KI)+ 2 T7 ,(I,L)

Ne= E Nk . (3.1 ' ’ Kz =y ™
K=1
. . - . + ro (KL, 3.6

The ¢ in n. identifies that our system here is there of a Kzﬁ E WKL) 38
cluster. The molecular orbital®1QO’s), ¢, of the system are ~ R R
orthogonal linear combinations of the atomic orbitals. We ='MQ (R)+"MQ (R)+"MQ (Ry) (3.7

allow for two sets of MO’s, one set to hold electrons of
a-spin projection, the other sgd-spin projection. Themth
MO of «-spin projection is

noting that"M$ (Ry) =Sk .3I'8 (K, )+ = 25 L(3,L).
This results in the identification of three different terms.
(i) The first term comprises all contributions from on-site

basis functionsthat is, all basis functions centered at the

- o target ionR;) and is denoted by regional partition 1.
brm,all)= 2 bimolr —R)= 21 kEl CmeBr (T =R, g(Jii) The Js)econd and third te):msgin E(:BF.)G) are numeri-
(3.9  cally identical and contain contributions arising frdmoth
on-site and off-site R¢ ,K #J) basis functiongcorrespond-
where thec’s are the MO coefficients. ing to regional partition I and denoted by Il in Eq3.7).
The expectation value of any quantity, corresponding to (iii) “'Mﬁ,a(ﬁj) containsno reference to the on-site basis
the operatoiO(r), associated with a nuclear s for the ~ functions. This is illustrated schematically in Fig. 2.
MO ¢m,a(F)! is given by the matrix element If O is the identity operator 1 then

. . .. R L (K,L) cKik Ll
M o(R)=(bm (DO =Ry a(r)). (3.3 ; ; ml 2 2 2 maCm,a
Developing the MO's according to E¢B.2 we get X (B k(= Ri)[BLi(r—R0)
= l'\/|1m,a(|§J)‘F ”Mrln,a(ﬁj)
O = 0 O >
Mina(R)=20 2 T o(K.L), (3.9 + ML (Ry) (3.8
and since the basis orbitalfunctions on each center have
where, for convenience, we have defined been conveniently chosen to be orthogonal,
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Ny ii_Diie_B
'Mia(R) =2 (f)?="Nip o(9). (3.9 PImPIeR) 319
K determine the EFG tensamly if the total charge density
) _ - distribution is used.
If we define an overlap integral aSy 1= (B k(r (ii ) Dipolar hyperfine coupling operator: This has exactly
—RK)[BLi(r—RL)) we get the same form as the EFG operator, bubrigy used with the
total spin density distribution.
Nk . . . .
ML (Ry=23 S ¢k ki g _IN, () It will be convenient, and unlikely to cause confusion
m,al T/ E ad g m e m, a =0k K m, e~/ since the only other operator defined is the unit operator 1, to
(3.10 replaceO in Egs. (3.3 —(3.7) with justij when we should
write D' (there is no need to reped}
Whereas'N,, ,(J) has been interpreted by Mulliken as

t“he chargg on atorﬂ.due t0q—spin electrons in M'Oqﬁm,a_, Mir{’],a(ﬁJ):<¢m,a()_€)|,Dij()Z_ §3)|¢m,a(§)>
Nm.«(J) is thea-spin density that atord shares with all its ) ) )
neighbors in the same MO. With the definition EMaL(ﬁJ): 'MI (R + "M}, L(R;)
occ occ i S
- - - 1 . + "My (Ry). (3.19
Pa(R)=2 pma(R)=2 | M7 (Ry)+ 5 "ML, (Ry) ;
m m 2 . .
3.11) Since the operatd.15 contains a factor roughly propor-

tional to the reciprocal of the cube of the distance from
(noting that the sum is only over occupied MO’s ontftis  nuclear centerd, we would expect that only those terms
gives the Mulliken charge density attributed to the nucleawhich describe the electron density close to the cedter
center aﬁj; would be significant. Clearly one of these terms
i i i is 'Mi (R;). Explicitly
pMUII(RJ):pa(RJ)+pB(RJ)- (3.12

ng Ny
It should be noted that the Mulliken analysis of the charge "M o(Ry) = Ek: §|: ek 0 (3),  (3.17)
distribution has no physical meaning but it is very useful
when discussing the charge distribution in molecules ang\’here Dl

i _ D ij oD
; : : K,k,L,I(‘])_<BK,k(X Rk)| D} |BL,|(X R.)). By
?;L':r?;errtsﬁfne:gﬁii s more suited to systems which are nonlOn!scumming over all the occupied MO’s we define the quantities

occ occ
C. EFG and hyperfine coupling operators ng:% 'M'r{m(l%) 'G'Az% IMHLﬁ( R)).
The concepts developed above are now applied to expec- (3.19

tation values of the operator
The contribution of the “on-site” term§l) to the EFG is then

iz 1 1 2 1 given by the sum
Vi='G)+'G}) (319
The expectation values of this operator cover three contribu-
tions of interest: and the difference
(i) The Fermi contact density: This is just the second term i i i
on the right-hand side of E3.13 and its expectation value TI=1G}-'G} (3.20

gives rise to the expression £&3)|(0)|2, where|#(0)|?is . _ . _ .
the spin density at the target nucleus. We will not discuss thi%zntgc?r%:orrespondmg contribution to the dipolar hyperfine

term in the following but we note that the same analysis Anal definiti q . h ived . d
which will be performed for the contributions to the EFG has nalogous definitions determine the mixed on-site an
-site contributiong(Il) and those of purely off-site contri-

also been applied to the contact density. The correspondi ; . . )
results are given in Appendix A. utions(lll). This leads to the following representations for

(ii) EFG operator: This operator is only the first term in the total EFG tensor:
Eg. (3.13 and transforms as a spherical harmonic of order 2
and its expectation value for axlike charge or spin distri-
bution vanishes. It is written as

Vil = Wi i T (3.21

and for the dipolar term

L 3XXi—8iX2 Tii = il - Iij 4 Wi 2
Di(X)= —————. (3.14 (322
X
Note that the last term in Eq3.21) represents the EFG
The expectation values of contribution of all nuclear point charge% . It is given by
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Wiz 3(§K_§J)i(§K_§J)j_6ij|ﬁK_§J|2
s _BI5
K#J IR — Ry

K .
(3.23

Of courseW'! has no place in the electron-nuclear hyperfine
coupling tensor.

D. Density-matrix formulation of partitioning

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

Let B be the column matrix of the complete set of basis FIG. 3. Highest occupied molecular orbital for the

functionsBy (r —Ry). It will be made clear shortly why we Cle0sz/ Czl-8ep Cluster.
want to order the basis functions such that those belonging to

the target ion are placed at the beginning. The MO’s of 'Pm : ntoncfnt
a-spin projection can be written as the column matrix p = o o o . (329
o, = CIyB1 (3.24) Ne— ntont : ne— ntoncf n,
wherec, is the matrix of the MO coefficients, each column 20, "oy
corresponding to a particular MO. EquatidB.2) corre- | c
sponds to themth row of ®, which can be written here as Pn=| -+ - e , (3.30
$m,a=Ch,B Wherecy, , is themth column ofc, . ot n—nOn.n,
In order to obtain the expectation values of the operator
O(r) it is convenient to define the matrix and
O_ e t n 0n : n 0n -n
b®=(B|O(r)|B") (3.29 L e Mt
I” = DY DY .o
so that Pm ’ (3.39
Ne— ”tont ! Pm

M (R)=Tr(c, .b%m &) =Tr(Cm,aCh o) =Tr(P,b®)
(3.26

1 1l 1l
which is equivalent to Eq(3.3). P, is the density matrix Pm="Pm+ " Pyt " Ppy. (332
+

Cm,.Cm,q- IN accordance with previous practice we haveHence we have an equivalent expression for @),
similarly for electrons with B-spin projection Qp,

where 0, is a null j Xk matrix, we have

=CmgCng- MC (Ry)=Tr('Pyb®) + Tr( "Pp®) + Tr( "P,b®),
Instead of discussing just individual MO’s we can use- ’ (3.33

fully define atotal density matrix for all the electrons with R

a-spin projection as that is, "M § (R;) =Tr(RPb%).

Having demonstrated the equivalence between the two
. mathematical approaches, for example, 8418 can be re-
P= % Pm=Cal 4Cq (3.29  written equivalently as

occ

wherel , is a diagonal matrix with 1 on theath diagonal if 'Go=Tr('Pbl)  'GE=Tr('Qb"). (3.34
MO m s occupied and zero otherwise.

Since we have ordered thmg basis orbitals of the cluster
core such that all the, basis orbitals on théargetion are
listed first we partition the density matrix as follows:

Thus the density-matrix approach emphasizes the partition
method chosen diagrammatically.
Equations(3.19 and(3.20 can be succinctly written as

| | VI =T ('P+'Q)b] (339
Pm Pm
P ... .. 3.2 and
"ph t Mo TI=Ti('P-'Q)bl], (3.3
where 'py, is annyxn, matrix, "p,, is ann;x (n,—n,;) ma-  where (P+'Q) is the total charge-density matrix andP(
trix and "'p,, is an (.—n,) X (n.—n,) matrix. If we define  —'Q) is the total spin-density matrix for region I.
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TABLE |. Diagonal elements of the tenso@from the contri- contributions“'Ga g Adding and subtracting the contribu-
butions of on-sitdl), on-site/off-site(ll), and off-site AO’s(Ill') for tions from the a énd,B spin projections we get the EFG
spin projectionsx and g8 for Cu and O Contributions from nuclear components and dipolar hyperfine couplings, respectively,
chargesh, EFG tensod, and hyperfine tensdr. listed in Table Il. It is seen that the combined contributions
from region Il andW are small. For the oxygen, the values
from region Il give a reduction of the main contributions
from region | by about 10%, for copper by 20%. For the
G, 0432 0432 —-0864 —0.141 0130 0.011 dipolar hyperfine couplings, the contributions from regions
'G, -1.266 —1.266 2532 -0.787 0436 0351 Other than I mostly cancel. _

It is remarkable that the calculations on the small clusters
0073 0073 —0.146 0018 —0.013 —0.005 s_hown in Fig._ 1 aIreaqy give values for the EFG and .the
G, 0102 0102 —0.204 0060 —0.033 —0.027 dipolar hyperfine coupll_ngs 'that are clqse to t_hose obtained
from the large cluster with nine copper ions. With the cluster
0278 0278 —0556 1367 —0.418 —0949 CUO/Clslayo[Fig. Aa) whereX=Y=La] we obtain at the
TP 0262 0262 —0524 1286 —0390 —089g COPPer the value¥/,,= 1._396 andT,,= —3.526. With the

A cluster CyO,;/CugLayg [Fig. 1(b) whereX=Y=2Z=La] we

getV,,=1.167 andl,,= —3.467 and, for the O as target ion,

Cu (0]
G XX yy zz XX vy zz

W —0522 ~0522 1044 -2693 0832 1861 V,,=—0.862 andT,,=0.652. This demonstrates that these
v 0.642 —0.642 1283 —0890 0545  0.345 properties depend on the local charge and spin distributions
e s : g ' ' and that cluster approaches are especially suited for their
T 1.685 1685 —-3.370 0.685 -0.314 —-0.371 detailed investigations.
IV. AN EXAMPLE OF REGIONAL PARTITIONING V. CORRELATION OF FIRST-PRINCIPLES PARTITIONS

) _ ) WITH STERNHEIMER TERMS
To investigate the electronic structure of,Gu0y,, a par-

ent compound of high-temperature superconducting materi- A. Introductory remarks

als such as La ,Sr,Cu0,, we have performed extended Ideally we would like to have a correspondence between
first-principles cluster calculations. Several clusters containthe terms of the first-principles calculation, E8.21), with

ing up to nine copper atoms embedded in a background pahe semiempirical Sternheimer equation, E2.1). But the
tential were investigated. In Fig. 3 the highest occupied moapproaches are quite different. The first-principles approach
lecular orbital of the cluster G@,4,/Cuy,lasg is shown. All s a straightforward application of molecular-orbital theory
electron triple-zeta basis set6-311G Gaussian functiopns using the density-functional method to obtain the electron
were used for nine Cu and 42 O atoms resulting in a total ofiensity from which the expectation value of the appropriate
663 electrons. operatoi{Eq. (3.13] is calculated. We would like to empha-

The detailed results of the spin polarized calculations ussise that the particular choice of theoretical method is not
ing the local-density approximation with generalized gradi-crucial. The same argument applies for Hartree-Fock or im-
ent corrections will be given in Sec. V C. Anticipating these proved methods like multiconfiguration self-consistent field,
results, here the contributions t8G!! andRGg from the  Madller-Plesset and configuration interaction methods. The
three regional partitions R, II, and I, respectively, for the limitations of the approach are largely determined by avail-
central copper and the oxygen atom indicated in Fig. 3 ar@able computer resources which in our case effectively deter-
collected in Table I. mine the size of the cluster we can use.

In contrast to point-ion charge models where only the Inthe Sternheimer approach the starting point is to regard
(smal) valence charge is considered, the electronic structuréhe target ion in a crystal as isolated and then add terms to
is here determined by using all-electron basis §etduding  compensate for the recognized interactions. Although histori-
core electronson the atoms in the center of the cluster. Thecally the semiempirical approach always precedes the first-
contributions of the nuclear point charg®g is, however, principles methods, sometimes by many years, the value of
canceled to a large extent by the off-site the Sternheimer equation should not be discarded lightly

TABLE II. Contributions to the EFG and the hyperfine coupling tensor from the different regional
partitions.

Region VACUW  T,Cu  Vi(O) V(O V(0  TwO  Tyu(O)  T,{0)

| 1.668 —3.396 —0.928 0.566 0.362 0.646 —0.306 —0.340
Il —0.350 0.058 0.078 —0.046 —-0.032 —0.042 0.020 0.022
i +w —0.036 —0.032 —0.040 0.024 0.016 0.081 -0.028 —0.053
Total 1.282 —3.370 —0.890 0.544 0.346 0.685 -0.314 -—0.371
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since it appeals to the perturbed atomic picture, a model —R'V;i="v;; (5.3
which has been and still is the cornerstone of experimental

chemistry, rather than the more intractable molecular pictureenabling us to estimat® from our first-principles regional
On the other hand, as in chemistry where some moleculgsartitioning approach. We obta{malues used in some semi-
demonstrate high degrees of electron delocalization, it is ne@mpirical estimates are in brackets

essary to abandon the atomic picture in favor of special mo-

lecular models. A good example is the separation of aliphatic Rcy=0.21 (0.2 and Ry =0.0840.1)

and aromatic organic chemistries. However, the subject mat- *x

ter is enormous in both these areas and the separation is more . _— : .
than justified. This is to be contrasted with the reIativerW(?]ICh seems to justify our approadkwas introduced origi

small number of hiahF.. superconducting materials so it was nally to take account of the antishielding caused by the over-
ghkc Sup 9 . lap of charge distributions in the immediate neighborhood of
natural to pursue the perturbed atom approach. It is clear thfﬁag

because of the above differences in approach an immedia eﬁttegﬁshlzm&' noted thaR. —0.081 andR~ —0.101
correspondence between the first-principles approach and the " ° ) Oy~ ) Oz
semiempirical approach is not to be found. But since weshowing thaR is not necessarily just a simple scalar param-

understand the terms in the SE there is a chance of sonf‘éer- However, for the more symmetrical situated copper ions

correspondence. in the lattice with an axially symmetric EFG all components
Rcy, are identical.
B. Identification of terms in the Sternheimer equation The apparent correspondence of our calculations with the

) lattice ) o terms of the Sternheimer equation to obt&rabove is un-
First we look at thev;7™™ term in Eq.(2.1). This is the  gagisfactory in that the quantity has had to be absorbed into
contribution to the EFG of the environment of the target ion.ipe “target free ion,” in other words!V;; = f(y). Therefore
In Eq. |(||3'2]’) this is the purely off-site contribution of the R s 4 function ofy, a result which questions the usefulness
cluste_r Vii and the contribution from the point charges sur- ¢ either. This doubt is reinforced foy (see Ref. 2%since
rounding the clustew; [Eq. (3.23]: the large values necessary for the parameter clearly appear
yhattice_ iy, 4\ (5.) unsuitable to regard the antishielding as a perturbation.
i T e : However, before we disregard entirely we have calcu-
lated it independently, assuming that the SE equation is cor-

semiempirical perturbation approach. Cluster calculationéecg’ lljst'hng fgst-t[)rln]cclgleg cal_cl_Llf]IatlonZ (I)n a dCIUSt?{ used dto
are analogous to molecular-orbital calculations where thém’.bed 'e,i ec sdp Boplné:]. € mo’tk? a? r(tesu.s f\hre I'te-
properties of atoms largely disappear as identifiable entitiegC"P€d 1N Appendix b, and agree with estimates n the fit-

although some analyses of the electron-density distributioﬁ”_iture thaty is uncpmfortably large. The evidence here
attempt to allocate charges to particular atoisisch as the points to the conclusion that the cuprate compounds cannot

commonly used Mullike?* population analysis However, it be satisfactorily analyzed using formulas based on first-oder

must be stressed that such analyses serve only as a usemrturbaﬂon theory.
guide, and are not without controversy. One sfddyon-
cluded that the [wdin?® population analysis was more ap- C. EFG contributions from region |
. . - .pe . 2
Sgos?éﬁéz tfg?nhg'ttehri;ﬂ]ge'\gfltl:gﬁggr a modified Mullike This section discusses the contributions to the EFG from
i . ) _gi M (R, first i i ifvi -
Previous cluster calculations have shown that the degre® local, on-site termMp, .(Ry), first in a simplifying ap
of overlap and delocalization of the target ion electrons igProach and then rigorously. This is important beca‘_Jg)éa’{/
considerable which places in doubt the validity of perturbaJs assumed to be “exact” in the Sternheimer equation.
tion methods using an isolated ion as the zeroth function. ~ The basis functions at each center are normally chosen to
v/, is the closest we can get M2 since 'V, is the be rr]a((zi;al funlgit:ons,th]JcltlpI@d by a sphﬁrlqal Iharm?nlc, that
contribution toV;; from only the basis orbitals centered on IS: hydrogenlike. Thes functions are spherical, the func-
the target atom. The semiempirical approach is well aware dfons always occur as a groug, py, andp,, thed func-
the potential distortion, and associated antishielding effect oONS as the groupl,2_ 23, dx, dy;, dya—y2, dyy, etc.
Vi, of the target ion by the environment of charges. Fhe A Simplifying approach is based on the following argu-

andy terms were introduced to accommodate this. Since th&€ntation. I all the functions in a group are equally occu-
first-principles calculation purports to include such distor-Pi€d the associated electron density is spherical and the con-
tions automatically in 'V, we are inclined to absorb tribution to the EFG will be zero. So we are only interested

_ . \/lattice ; local i Iy i in those functions which form part of the nonspherical den-
apjy;\r/gxima;glt; Vit replace it in Eq.2.1) by V; to give sity. So an electron configuration in the valence orbjtal

will be analogous to the configuratige? or p? (if both elec-

Vi=(1-R)'V;+ "V + W, . (5.2)  trons have the same spithat is, equivalent to a single hole
in a spherical density. Of course here the ion will be in a
However, comparing Ed5.2) with Eq.(3.21), noting that  crystal field and the degeneracies within each group may be

we have already identified the first-principles correlation oflifted in which case we can be more definite than saying just
viatice e deduce that p! but, depending on the choice of ax@s,

viocalis an atomidionic) term which is at the core of the
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This simplifies Eq.(3.18 to just'M! (R;) where 7 is

the orbital which introduces the asymmetry into the sphericaf

distribution about cented. It is possible that the asymmetry
is caused by theB spin orbital so the term we should

use'M!) 4(R;) as would be the case P, for example, 38
hole in the spherical distribution.

Even 'Mi,j]'a(ﬁJ) is simplified because in this discussion
only one orbital on centef is involved which we denote by
g,

'Gl="M) (Ry)=c}9¢ch9DY 5 4(d).

maTna

(5.4)

This is therefore the required result subject to all these

approximations introduced above:
Vij(Ry) = "Glecng(r %), (5.5

whereng is the occupancy of orbital. In particular

2
Vi 0)= £[2XN(2p,)~N(2py) ~ (2P Kr )2,
(5.6

for the oxygen and

2
VACW=Z[2XN(3dyey2) +2XN(3dy,) ~N(30)

—n(3dy,) —2xn(3dz2_2)(r *)aq (5.7

for the copper, and similarly for the other component¥ pf
The right-hand side of these equatiofisgs. (5.6) and

PHYSICAL REVIEW B55 064532

TABLE IV. Occupations'N(ij) and Mulliken partial charges
of the 2p orbitals, and averaged values (@f %).

2py 2py 2p,

'N, 0.921 1.018 1.006
'Ng 0.737 1.013 1.006
Pa 0.914 0.999 1.001
Pp 0.783 0.994 1.001
r=3, 4.135 3.961 3.911
r=3), 4.044 3.933 3.885

4 -

=X CuCma X (I ma="MiW(Ry) (6.8

5

which is valid for an orbitaim showing 2, symmetry im-
plies the relation

4
£ X No(2p) X (1 %)= 'GY (5.9
after performing the average over all the orbitals having the
same symmetry. The resulting values for the oxygen in the
above-mentioned GO,, cluster are given in Tables Ill and
V.

We first note that the expectation valugs ) differ for
the threep orbitals and the spin projections by several per-
cents in contrast to the assumptions in the simplified ap-
proach. It is evident thatr ~—3), differs from the other com-

(5.7] is just the form of the equation often used to estimateponents since the bonding is along thelirection, but also
the occupancies of orbitals.(r ~ %), is taken as the value for (r~3), and(r ~3), differ. This is due to a nonsymmetric dis-
the atom or ion from calculation. This may be a poor esti-tribution of the electron densities as it is plotted in Fig. 4 for
mate since(r ~3) is expected to be affected significantly by the 2o electrons in oxygen. Furthermore the valyes )
the crystal field which will tend to lift degeneracies and con-~4 are about 10% larger than those obtained from calcula-
centrate the asymmetries along particular directions. tions on isolated atoms or ions. In Table IV we have also
In the rigorous approach, the on-site matrix given the Mulliken partial chargefsee Eq.(3.11)] which
elementsM ), are determined in the following way. The show that the two @, are effectively fully occupied. It is
expectation value¢r —3), , are performed analytically. The
coefficientsty"% are given by they,a eigenvectors of the
self-consistent field equations. It must be emphasized that in
the basis set 6-311G there are three radial functions for each
of the five 3 orbitals of Cu and three for each of the 2
orbitals. We remark that the relation

z

TABLE Ill. Contributions of on-site AO’s(region |) for spin
projectiona and B for the planar oxygen.

a B
XX yy zz XX yy zz y
p, 3046 —1.523 —1523 2370 —1.185 —1185 1 05 0 05 A
py  —1613 3.226 -1613 —1592 3.184 -1.592 FIG. 4. Density distribution of the 2 oxygen electrons in gz
P, —1574 —1573 3.147 -—1.564 —1.564 3.128 plane perpendicular to the Cu-O-Cu connection line and through the
oxygen atom. The arrows point along increasing densities. The
'G —0.141 0.130 0.011 -—-0.787 0.436 0.351 equidensity lines close to the density maxima show that these

maxima are larger in thg than in thez direction.
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TABLE V. Contributions of on-site AO’s(region |) for spin
projectionsa and 8 for the central copper.

I(BZZ B

Remainderd,s) 0.214 0.232
p —0.651 —0.599
dy2_y2 —4.839 -1.325
dy2_ 25 4.453 4.277
dyy —4.563 —4.538
dyx, dy, 4.522 4.485
'G,, —0.864 2.532

only the 2p, atomic orbital(AO) which is involved in the _
bonding and the convey of spin density from the copper tdogether with the value¥;; and T;; as calculated from all

the ligand.

PHYSICAL REVIEW B5 064532

TABLE VII. Electric field gradientsV;; and the hyperfine ten-

sorsT;; for the occupied states alﬁi andﬂ from the unoccupied
states close but above the Fermi energy for the planar oxygen atom.

i Vii Vii Tii Ti

X —0.873 0.624 0.685 —0.624
y 0.563 —0.284 —-0.314 0.284
z 0.310 —0.340 —-0.371 0.340

the copper and oxygen rows, respectively. If we assume that
they were occupied we would get contributions to the EFG

and hyperfine tensor which we define Wy andT;; . These
are collected in Tables VIffor oxygen and VIII (for coppej

occupied MQO’s(see Table)l

The results of the analogous analysis of the contributions For an isolated ion, one has the relations
to the EFG and hyperfine dipole tensor for the Cu target ion

are collected

in Tables V and VL.
“remainder(s,d)” come from terms in the evaluation of ma-

The values called

trix elementg3.17) where one basis function sike and the
otherd like. The contributions from the Cprtype orbitals to
the EFG are substantial. This is due to the lafge®) val-

ues. The occupancies of these orbitals, however, are close to
1. The same applies to the thréerbitals witht,; symmetry
as is seen from the Mulliken partial charges in Table VI. Assince the environment is generally nonspherical as is shown
expected, the distinguished AO is thd,3_,2 accompanied

with some polarization in the &,2_,2. Note, again, that

Vi +V;;=0 (5.10

and

(5.11)

For ions in the cluster, Eq5.10 is not necessarily correct

in Sec. V E. Tables VIl and VIII show that relatiof®.11)
approximately holds but that E@5.10 is not fulfilled. In

(r3)34~8, in contrast to the value:6 used in approximate this respect we remark that a calculation on the cluster

procedures.

In a similar way the contributionG!) and"G}} from re-
gion Il can be analyzed. The results are given in Appendix C.

D. Electron-hole symmetry

It should be emphasized that the occupatibg are de-
termined by the expansion coefficients of the occupied MQoretical background in this section. We will not initially refer
into the individual AO’s. To connect the results of thé
initio calculations with EFG analyses using the hole pictureidentical to that used in Sec. Il D except for thesubscript.

we can identify the unoccupied MQO'’s which lie lowest in
energy as contributions from “holes.” In particular, in our
example of a Cy0,, cluster, there are nine such unoccupied

MQ's above the highest occupied molecular orbitdOMO)
which all show predominantly@._,2 and 2, character on

TABLE VI. Occupations'N and Mulliken partial chargep of
the 3d orbitals, and averaged values (@f 3).

3dy2_ 2 3d,2_ 23 3d,y 3d,y 3dy,
'N, 1.030 0.966 1.000 0.998  0.998
'Ng 0.297 0.939 1.000 0.998  0.998
Pa 0.999 0.971 0.997 0997  0.997
Pp 0.358 0.946 0.997 0997  0.997
r=3y, 8.224 8.066 7982 7926 7.926
(r=3), 7.821 7.976 7939 7.864 7.864

(CuQ;) * (see Fig. 1, where the Cu is nominally in d°
state, yieldsv,,= —2.412.

E. Density-matrix argument

Since, contrary to the usual assumption, Exj10 is not
correct under all conditions we will present the detailed the-

to the electron-spin projection and so the terminology will be
So from Sec. Il D Eq(3.249),

d=c'B, (5.12
wherec is the matrix of MO coefficients collected in col-
umns. The overlap matrix is defined psingO=1 in Eq.

(3.25]

S=b!=(B|B"). (5.13

TABLE VIII. Electric field gradientsV;; and the hyperfine ten-
sorsT;; for the occupied states anw; andT;; from the unoccupied
states close but above the Fermi energy for the central copper
nucleus.

i Vii Vii Tii Ti
X,y —0.623 1.670 1.685 —1.670
z 1.246 —3.340 —3.370 3.340
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However, it is more convenient for us to use an orthogonalthere is no difference between the occupied calculation and
but entirely equivalent, basis set of orbitals. We will label unoccupied calculation for the hyperfine tensor.
these by the column matri®’ such that

B/ =S l2g (5.19 VI. DISCUSSION AND CONCLUSIONS

and The number of problems which can be solved exactly by
wave mechanics is very small and the perturbation method,

I, :<B/|B’T ), (5.15 originally devised for classical systems, was developed. Es-

¢ sentially, used in its less rigorous form, the problem is re-

Whefe'nc is the unit matrix of dimension,. The MO’s are ducgd to identifying that part \{vhich i; vv_eII understood and
now written as treatlng' the rest as a perturbation. In ionic crystals yvhere the

properties, for example the EFG, of one of the idtise

d=dB’, (5.1  targetion is of interest, the purpose is to try and predict how
o . _ changes to the properties of the isolated target ion can be

whered=cS"? the MO coefficients in the orthogonal basis. accounted for by perturbation from its environment. In the
We now define spin MO'sb,,, to hold electrons with spin - mathematics of perturbation theory the changes to the target

projection+ 3, and®y, to hold electrons with spin projec- jon wave function can be achieved by mixing in the excited
tion —3. Since each spin orbital can only hold one electronstates of the target ion. Since the excited states form a com-
we need two density matrice§, and Q, to describe the piete set of functions this is always true although probably a

a-spin andB-spin densities, respectively, very inefficient process.
+ + An environment of iongpoint chargescontributes to the
P=d,l.d, Q=dglgdg, (5.17  EFG at the target ion but will also interact with the electrons

of the target ion to cause a distortion which in turn changes
the electron contribution to the EFG. Such distortions should
>Ipe easily simulated by judiciously mixing in the excited

States of the target ion with its ground state. However, if the
possibility of covalent bonding occurs two problems seem to
arise. First the overlap of orbitals with nearest-neighbor ions
to the target ion and second the possibility, in a Mulliken

population sense, of a transfer of electronic charge. Although
in principle this can be accommodated by including the ex-

wherel , is a diagonamXxm matrix with 1's for each occu-
pied a-spin and zeroes otherwisk; is similar. The charge-
density matrix, necessary to calculate the EFG’s, is given b
P+ Q and the spin-density matrix, necessary to calculate th
hyperfine tensor, is given B9— Q. In keeping with previous
practice we can evaluate the “hole” density. This hole den-
sity is simply the total empty Hilbert spatg minus theP or

Q. The charge hole density is

ln—P+1,—Q=2l,— (P+Q) (5.1  cited states of the target ion, it is hardly a small perturbation
questioning the applicability of the method to crystals where
and the spin hole density is the possibility that covalent bonding occurs.
The Sternheimer equatiofSec. 1) uses a first-order
In=P=(In—Q)=—(P-Q). (5.19 perturbation-theory type argument to obtain the individual

Since the former includes the diagonal matri Zhis can terms which we attempt to correlate with different regions of
the crystalgsee Secs. Il B and Il D Starting from a lattice

make a contribution to the hole EFG calculation. If the Hil- = = >~ h h tribution to the EFG b i
bert space is not spherical, or at least does not possess cutSﬁfn:'or"C charges the contribution 1o the can be easily

symmetry, the contribution will be nonzero. So the relationC@culated at the target iciSec. Il G. Of course the target
given in Eq.(5.10 is not strictly valid in ions where the

ion, assumed to be a point charge, makes no contribution.
degeneracy of the-type orbitals is lifted. The degeneracy is The electronic structure about the target ion is very important
only lifted if the symmetry is less than cubic. In all cases of

(Secs. VD and V Eas long as it is not spherically symmet-
practical interest ric. Sinc_e the crystal lattice _interacts with th_e target {@an
crystal field any asymmetry in the electron distributi¢ior
(5.20 example, unfilled shellswill be significant since the crystal
' field will lift some degeneracies. THE°°?' term is therefore
On the other hand, the spin hole density is simply the negaerucial and fortunately is easily amenable to accurate calcu-
tive of the spin-density matrix leading to a verification of Eq. lation and transferable for the same ion to other crystals with
(5.1, a different chemical constitution. Although this crystal field
could be guessed as being a small perturbation this is clearly
Tij +ﬂ =0. (5.21) not supported by the large value gfcalculated here which
are the same order of magnitude as those obtained “experi-
We can use this argument to explain why, in Tables VIimentally” (see also Appendix IC
and VIII, the difference between the EFG’s calculated from However, the shielding paramet®r(Sec. V B, intended
the occupied orbitals and the EFG's approximately calcuio take account of “overlap” with nearest-neighbor ions, is
lated from selected unoccupied orbitals differ more markedlyrather more difficult to justify as a first-order perturbation
than the difference between equivalent calculations for th@arameter. The “overlap” with the nearest-neighbor orbitals
hyperfine tensors. If all the unoccupied orbitals are takercould potentially lead to large electron-density distortions,
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TABLE IX. Expectation values of the-like AO’s, |42, contact densitieD,,s, and polarizations . at
Cu and O, respectively. F® s the total values are given with the contributions from regions Il and Il in

parentheses.

n lns(CU)|? Dns(Cu) fnd %] [ns(O)|? Dns(0) fnd %]
1 7300 —0.053(0.000) —8.66x10°° 141 —0.262(0.001) —0.0222
2 725 —3.637(0.002) —5.99x 102 6.77 1.516(0.055) 2.673
3 107 2.575(0.013) 0.288

4 2.35 2.037¢0.017) 10.35

particularly of the outer shells, and also significant chargevould like to express our gratitude to R. E. Walstedt for
transfer. A better representation of this intuitive picture is theenlightening discussions. This work has been supported by
multicenter model which is at the core of molecular-orbitalthe Swiss National Science Foundation. A major part of the
theory. Unfortunately this complicates the interpretatiofRof computation was carried out at the national supercomputing
and reduces its usefulness as does the conclusiofiRthatl  center CSCS.
vy are not independent.
The use of experimental or theoretical data from isolated APPENDIX A: CONTACT DENSITIES
ions has long been a method of extracting information from ] o )
a crystal system. Even without the complications of crystal The regional partitioning for the evaluation of the EFG
fields or “overlap” the very existence of the lattice surround- €€nsors and the dipolar hyperfine tensors applies also for the
ing the target ion produces an unyielding restrictive cageésontact interaction. The corresponding results are given in
from Pauli’'s exclusion principle. lons can be attributed anthis appendix. .
ionic radius which apparently determines the structures of We denote the contact density for the target nucleas
many ionic crystals. Any transfer of electronic charge onto 8
the ion will hardly be able to use valence orbitals of the D(Ry) =3 2 Uh(R)IP=2 [0 (RY1Z], (A1)
expected “free ion” size. This will no doubt contract the m m’
;?g:riosr:l?zll':oc;ztals to compensate changing the expenment%\llhere the sum extends_over the c_Jccupied MO's and perfor_m
We conclude that the perturbed ion approach which re:[he-same regional partitioning as in Sep. IV. Thg total (?ontrl-
sults in the Sternheimer equation is inappropriate for CupratBu'[Ions toDp(Cu) andDy(O) for the differents-like AO’s

crystals which are common in high-temperature supercon®'® listed in Table IX with the small contributions from re-

ducting materials mainly due to the significant covalentgions 1l andﬁlll given in parentheses. Since the expectation
bonding in the Cu@ planes. However, this has other conse-values|#ns(Ry)|? have nearly the same values for spin-up
quences since the perturbation model also suggests an es&jd -down projections we can describe the results also in
method to estimate the “holes” in the electron structure fromterms of partial polarizations,s according to

the EFG's, whose distribution in turn is essential for models 8

of superconductivity itself. We have shown that these esti- D, «(Ry) = ?|¢ns( Ry)|%fps. (A2)
mates are probably wrong and at the very least their values

should be reassessed. Therefore precise information on the
charge- and spin-density distributions in copper oxides is .
necessary and EFG’s, determined by nuclear quadrupo hus the vfalues fob (Cu) andD(O) include the trgnsferred
resonance spectroscopy, can help to provide this informatiorYPerfine fields from the four and two nearest-neighbor cop-
It is necessary, however, that they are analyzed in a morBer ions, respectively. These transferred hyperfine fields have

sophisticated manner than with point-charge models. been discussed extensively in Refs. 17 and 25.

Note that these results refer to maximal spin multiplicity.
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We acknowledge the help of P."Bser, M. Mali, S. Pliber- We have performed several cluster calculations where

ek, S. Renold, J. Roos, and H. U. Suter. In particular, we0int chargesy have been added to the 1'apseudopoten-
tials at positionsX, Y, andZ for the clusters CugYCu,La;q
TABLE X. Calculated values ofy for the cluster in Fig. (a)

with additional point charges at positioXsand . TABLE XI. Calculated values ofy for the cluster in Fig. (b)
with additional point charges at positioXs Y, andZ.

X Y y(Cu) 7(O)

X Y i
~01 ~01 ~51.1 +19 ¥(CY) 10
—01 0 ~513 +20 —01 —01 —0.1 —37 -33
~10 0 ~50.9 +19 0 —01 —01 —40 ~32
~10 ~10 —521 +23 0 0 ~10 ~26 ~33
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TABLE XII. Contributions to "G from region Il for spin pro-
jection a and B for the planar oxygen.

PHYSICAL REVIEW B55 064532

TABLE XIll. Contributions to "G from region Il for spin pro-

jectionsa and B for the central copper.

a B IIGzz a B

XX yy e XX yy i Remainder 0.000 0.000

s —0.004 0.001  0.003 0.002-0.002 -0.001 s 0.001 0.003
Py 0.021 -0.011 -0.010 0.057 —0.028 —0.028 p 0.011 0.011
Py 0.001 —0.004 0.003 0.001 —0.004 0.003 dye_y2 0.013 —0.025
P, 0.000  0.001 -0.001 0.000 0.001 -0.001 d,2_ 23 -0.172 —0.194
dyy 0.001 0.001

"G 0.018 -0.013 -0.005 0.060 —0.033 —0.027 d,y, dy, 0.000 0.000
G,, —0.146 —0.204

and CyO,;/Cuslass (see Fig. L For the cluster
CuQ;/Cuylayg the target ions are the central Cu and the
planar O on the axis whereas for GD;,/CugLayg the tar-
get ions are the Cu to the right and the central O. Since these
additional charges are in region lll, the differences in the For completeness we collect here the results of the analy-
calculated EFG tensors are then identified with the ternsis of the contributions from region [see Sec. V € With
AVii(9)=(1—-y)AW(q). the oxygen as target nucleus, the value$@f, and"G}, are

The results are collected in Tables X and XI. It is seen thagiven in Table XIl. Note that the contributions assignedto
thesey values are unreasonably large and that these “latticetharacter are due to matrix elements of the operatdre-
contributions in the SE cannot be used at all. What reallytween s-type functions centered at the oxygen astype
happens is that the additional charges distort and polarize tHanctions centered at the neighboring copper nuclei. In Table
nearby iongoxygens in the present cageghich in turn then  XllI the contributions from region 1l for the copper target
influence the target ion. nucleus are given.
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