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The qualitative and quantitative features of the electronic charge distribution in cuprate superconductors are
reexamined on the basis of a comprehensive set of nuclear quadrupole resonance and NMR measurements. A
systematic analysis of measured electric-field gradients is performed within the tight-binding approach, com-
monly used for electronic models in cuprates. Both in-plane and out-of-plane sites and orbitals are considered.
Special attention is given to the genepid model involving only thes orbitals in the Cu@ planes. This model
is checked against the experimental data. The physical origin of several material-dependent features is clarified.
It is shown that in La_,Sr,CuQ, the 3d3,2_,2 orbital of the in-plane copper and th@2apex oxygen orbital
are occupied by a substantially smaller fraction of holes than the in-planbitals, at variance with proposals
lending importance to copper-apex oxygen hybridization. At the in-plane oxygen site a sipaladrixture
is found at the Fermi level of YB&u;O,. The in-plane charge distribution of ;BaCuQ, is found to be
qualitatively similar to that of the high-temperature tetragonal phase of [Sx,CuG,. It appears that the
additional holes are shared among copper and oxygen sites in similar proportions. This is shown to be
compatible with the larg&J4 Emery model provided that the difference betweenghendd atomic energies
is comparable to the first neighbor overlap enef@0163-182¢08)03914-9

I. INTRODUCTION bridization between the valence orbitals. This was further
considered by Hanzawat al® However, being interested
The charge and spin distributions in layered cuprates, asnly in the EFG at the in-plane ions, Hanzaetaal. simpli-
well as the relations between these two distributions, havéied the model by omitting the contribution of the quadrupo-
been intensively studied by various experimental methoddar polarizability to the EFG. In this paper, we present a
for a wide range of dopings:}°The NMR and nuclear quad- complete quantitative analysis of the electric-field gradients
rupole resonancéNQR) studies of both antiferromagnetic based on the tight-binding picture. Such an approach pro-
and metallic compounds contributed significantly to the un-ides a link between the EFG measurements and the many-
derstanding of this matter, measuring the electric-field gradibody models based on the tight-binding approximation, usu-
ents(EFG’s) at nuclear positions, and being very sensitive toally used for most theoretical considerations of high-
the formation of the local spins. cuprates. A reasonable balance between the accuracy on the
There are several materials for which EFG’s are rathesingle particle level and the accuracy in the treatment of the
completely investigated. More precisely, in these materialstrong electronic correlations is achieved in this way. We
the components of the traceless EFG tensor are well knowastimate that our calculations are performed with one in ten
for all ions with a partially occupied outer shéf*'%2In  accuracy. The relevance of various valence orbitals as well
some cases, even the dependence of EFG’s on doping & the effects of the quadrupolar charge polarizability on

established:®*3 EFG’s for several representative members of the Higlsu-
The theoretical analysis of the EFG data followed severaperconductorsHTSC's) is considered in this spirit.
routes. For example, Schwaet al}* calculated the electric- The complete information on EFG’s proves very useful

field gradients of the YB&u;O,_, family in a first-  when resolving the question of the charge distribution among
principles approach, using the local-density approximationvarious ions and their orbitals. The main advantage of this
Good agreement with experimental EFG’s is found. How-analysis comes from the possibility to distinguish among lo-
ever, the basis of three or more valence subshells per crysteal and lattice contributions to EFG’s. The local charge dis-
site (e.g., 3, 4s, and 4 orbitals at the copper sitds too  tribution is related to partially filled orbitals at the ion con-
wide, and the local-density approximation is too crude tosidered, while the lattice charge distribution relates to other
give results which can be simply related to those commonlyeighboring sitegions). Furthermore, the local part is usu-
obtained in electronic many-body models. On the other handilly extremely sensitive to how charge is shared among local
Shimizu® has studied the EFG at copper sites in variousorbitals. Therefore, the investigation of the EFG at various
high-T, cuprates including from the outset only thd,3 ,>  nuclei in the layered cuprates may give rather precise infor-
valence orbital on the copper ion. The effects of quadrupolamation on the symmetry of the atomic orbitals which build
polarizability on the charge distribution were describedup the valence bandsee Sec. I’ The important ques-
through the Sternheimer antishielding factgr as usual. tions that may be answered in this way, out of several others
However, Shimizu did not take into account the intersite hy-to be discussed, are as follows.
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(i) The relative importance of@2_,2 and 33,2 2 cop-  degrees of freedom. The correspondiragcuumstate com-
per orbitals in hosting the extra charge introduced by dopingprises the ions with closed outermost subshell$'C@?~,
This can be inferred from the existing EFG data and the facta®", B&", Y3, and TE". The crystal fieldv'21 acts on
that local contributions of @,2_,2 and 33,2_,2 orbitals are  the on-site charge distribution in different ways. The intra-
opposite in sign. atomic hybridizations arise from multipole terms of the crys-

(ii) The amount in which the@,(7) orbital is admixed to tal field whereas different interatomic hybridizations and
the 2p, orbital of the in-plane oxygen ion. The admixture, electron-electron interactions modify the on-site charge dis-
breaking the uniaxial symmetry of EFG, becomes the subjedtribution, resulting finally in the expression for the total elec-
of easy observation. tronic charge on a site

(iii) The effect of doping on the apex oxygen. Some theo-
ries attribute an important role to the hybridization between

_ _ 2
copper 3,22 and apex-oxygen 2, orbitals. This question Ze%( (=) W * 2
can be readily addressed by studying the symmetry of EFG
at the apex oxygen site. Heren,,, is the number of holes per spin in the orbital char-

The EFG data obtained in the £aSr,CuQ, family will ~ acterized by quantum numbens!|, andx. ¥, is the cor-
be our major interest. The reason for that lies in the relativéesponding wave functio/®""°® affects bothW,;, andny,,
simplicity of this compound, as well as in the fact that the (by shifting and splitting the related orbital energy leyels
doping dependencies of NMR and NQR spectra inNote that even small energy splittings, associated with sym-
La,_,Sr,CuQ, are well established. In addition, we will dis- metry breaking induced by the crystal field, result in large
cuss the results available for YBau;0; and TLBa,CuG;. charge redistributions among the orbitals at the considered

Finally, in Sec. IV the in-plane charge distribution is ana-Site. Similar redistributions among sites are associated with
lyzed within the framework of the Emerpd model. We the intersite hybridization. However, once the symmetry of
show that the model with strong Coulomb repulsidg on  the energy splitting is established, the valuev'® influ-
the in-plane copper site accounts well for the doping depenences primarily¥,, while the effect onn,, is relatively
dence and the size of the observed EFG's, provided the dsmall. . .
mensionless parameteyy/A 4 is chosen to be of the order ~ In order to factorize Eq(2) in a way useful to the EFG
of unity. analysis we write the quadrupolar correctionglip,, explic-

itly
IIl. THEORETICAL ANALYSIS OF EFG’'S

nlx nlx nlx

0 2 0 lattice
. . . - - +
In materials where the spherical symmetry of the on-site Ze% (= )Ly, 2y, W

charge distributions is broketd TSC materials being an ex- 0 loca
ample, the nuclear resonant frequencies of the nuclei with +2W 5, SV - ()]
spin I >'1/2 are strongly affected by the nuclear quadrupolewmice andé‘\I",?,CKa' represent, respectively, the polarizations
interaction between the nuclear quadrupole momenend ) 0
electric field gradient/.,,. By measuring the resonant fre- Of the orbital W'y, by the quadrupolar part of the crystal
quencies it is possible to find the values of these gradientgotential of the surrounding ions, and by the quadrupolar
Indeed, strong electric field gradients were measured at aPart of the local electron-electron interactions due to redis-
most all crystal positions in the materials under tribution of the local charge. As can be easily seen, the cor-
consideratiort-**%*21t has been shown previously that in responding effect of the dipolar term on EFG can be ab-
some cases the EFG is dominanted by the contribution of theorbed in the variation ofi, .. Wy, may be factorized in
on-site charge¥ reflecting the effects of the intra-atomic the usual way using the normalized radial and angular part of
and interatomic hybridization among the outermost orbitalsthe wave function?®, =R.,(r)f,(Q). The functionf, (Q)
while in some other cases the contributions of the surroundis the real combination of the spherical harmonitg((2)
ing ions dominaté® To take both of these possibilities into with the samel (with average components of the orbital
account, we start our EFG analysis with the expression  angular momentum equal to ze¢rdt is an appropriate start-
ing point for the tight-binding description of the charge car-
local local -+ lattice lattice riers in a crystal. Thus, after putting the whole charge acting
Vaa=Vaa _EB RagVig T Vaa — . YapVpp - (1) on a given nucleus into the expression for EFG, one obtains

An expression similar to Eq1) was originally derived for B 3
ionic insulators wheréR and y reduce to scalar Various V‘m_f d*r
simplifications of this, already simplified, equation have been
used previously for the explanation of the EFG’s in the .
HTSC material$>® However, our purpose, to analyze care- _23% (1= Np,) 200 W S8l platice
fully most of the available experimental results, compels us
to use it in its general form, including explicitly the effect of
hybridization among the outermost orbitals \@p,, .

The structure of Eq(1) can be easily understood from the _
following tight-binding reasoning. As usual for HTSC mate- Here p'@ is the charge distribution from the surrounding
rials, we choose the hole picture to describe the electroni®ns. Since any distribution,,,, of holes over orbitals which

3r2—r2
5 (26% Nt (i)

—2e>, <1—an>2\Ifﬁ|K5\P'rﬂtE°e]- (4)

nlk
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results in a spherical on-site charge distributfonparticular A. Direct lattice contribution
the filled subshelbsdoeso not contribute to the EFG, the con-  he contribution of Eq(6) is first calculated in the point
tribution of —2e3 (¥ p,,)? is absent in Eq(4). charge approximation
The four parts of Eq(4) correspond to the four contribu-
tions already separated in E@L). Two of these are direct ' 3R2 —R?
ones, Vea =2 g——5— (12
i R;
| 3r2—r? . . o o
ngalzf d3r—2—2e>, NP0, (5) Hereq; is the effective charge of thih ion, andR; is its
rd nlx position. The sum goes over all crystal sites except for the
one considered. Various departures of real lattices from the
_ 3ré—r2 idealized planar ones are taken into account by using the
Ve~ J d¥r———p'te, (6)  crystallographic data from Refs. 20—22. For example, the
r buckling of CuQ planes in YBaCu;,O; and the displace-
and two are indirect, ment of ions in TIO planes from their ideal positions in

TI,Ba,CuQ; are included.

3r2—r2 Although the point charge approximation in the calcula-
> Raﬁv';;gaéf d3r—52e2 (1—np0) tion of V@ s a reasonable one, the leading corrections to
B r nlie the values obtained by E(L2) are also estimated. The latter
0 local originate from a more realistic description of the distribution
qu,nlxé\l,nlx ’ (7) . . .
of holes overo orbitals in the close neighborhood of the
322 considered site. Using Slater-type wave functions, we find
. a lattice i
E Ve ﬁV'f;;;'“:f d3r - ZeE (1= that V2,® and the asy_mmetr_y parameteyr remain un-
B r nlx changed by such corrections with an accuracy of 1 part in 10.
. This question is taken up again in Sec. Il B.
x2U0 SV ®
with corresponding shielding tensdRsand y. Equations(7) B. Direct local contribution

and(8) describe in particular the case considered here, when \when only thes orbital is occupied by hole at the site
the crystal field splittings and/or the hybridization EﬁeCtSconsidered, the direct local contributiM’fca’ is
between outer orbitals result in only one of orbitals at given “
site, theo one, to be occupied by holes. ThBnis a scalar, Vieeal—on | eClx (1/r3),, (13
while y remains a tensor. Note that large valuesyotan
correspond to small ionic polarizabilitie®V 3" because at according to Eq(5). Here 2, is the average number of
short distances the effect 6% 2" on y is enhanced by the holes in the orbital and
singularity in the nuclear quadrupole interactidn.

In following subsections we outline the procedure to be an | 2442
used in the analysis of all four contributions to EFG. The (1k >"'_f ' drR“'r_s’
part of the analysis related to particular sites in HTSC com-
pounds and particular sets of data will be carried out in Sec.
[l. For this sake we introduce here a few customary notions C'a"a=47rf de,zk(Q)ffm(Q) -1 (14
and abbreviations.

In order to introduce the frequency scale associated witlin the factorization of expressioril3) the relationr,

EFG’s, one defines auxiliary frequencies = \J4m/3f,,r is used. Unlike some earlier approaches to the
3 HTSC materials, whel/r®)54 for Cu ions and1/r3),, for

vV (9) O ions were treated as free parameters, to be estimated from
aar the experimental EFG’s for each material separdfelye
wherel is the nuclear spin assume that these parameters have the same values for all
. . p_. . materials considered, which in addition can be significantly
For nuclei with spinl=3/2 in the nuclear quadrupole . . .

. - different from their values for free ions/atoms. Actually, we
resonance experiments the nuclear resonant frequency is u Ui h ; P X ot shift
ally labeled byvo and is equal to ake over the estlmategsb;tr Yn1 from previous Knight shi

Q analysis in YBaCusO;,>(1/r3),, = 3.75 a.u., and1/r®),q
= 6 a.u. Note that these values can be expressed in terms of
=|v,,| 1+ 7%3. 10 ! :
rQ=[7y) g (10 the Slater-type wave functiofisfor the electrons in the 2
The asymmetry parametey in Eq. (10) is conventionally oxygen and 8 copper orbitals

Yaa= 3121 h °Q

defined as .
1 §2p
Vaa’_v <1/r3>2p:_ P
V77 3
1
\1vhere the local axes, B, andy are chosen so that® 7 < <1/f3>3d=m(% ' (15)
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TABLE I. The factorsCL"a for the orbitals withp andd sym- factors cannot be discussed separately, so thaRf@® and

metry. R(Cu) we use the approximate theoretical values 0.1 and 0.2,
- | | | respectively.

orbital Coa Cps Cyy In this subsection we consider the effect of interatomic

A2 e o7 o7 —a7 hybridization onvy. First we recall Sternheimer’s general re-

sult that in the closed-shell-ion case the dominant contribu-

dap 217 217 —a/7 ; , ) N
d o7 47 o7 tion to y arises from theadial polarization of the outermost

ay - H 19 H H H

p orbitals:® This term is usually labeled by(np—p). It is

dg, —4/7 217 2/7 . e
q o7 py a7 thus expected that the largest tensorial correctionsitothe

3y2-r? a5 o5 o HTSC materials will appear at the oxygen in-plane ions as a
Pa / / / result of the interatomic hybridization. In order to estimate
Ps —255 45 —2/5 these tensorial corrections, we generalize Sternheimer’s cal-
Py —25 —25 4/5 culation for radial quadrupolar polarizability @f orbitals to

situations with fractional occupation numberg, . This is

where {,,=4.48 and{3;=13.44 are the corresponding ef- done in the Appendix. _ _

fective charges of the nuclei for these two orbitaist sim- Note that the definition ofy by Eq. (8) is not unique

ply related tog;), anda, is the Bohr radius. because/ 2 *° satisfies the Laplace equation. Therefore, any
One of the most interesting questions concerning thderm proportional tas Ve can be added to the left-hand

charge distribution in the HTSC materials is the rate of ad-side of Eq.(8). We use this freedom to minimize the off-

mixing the 7 orbitals to thes ones at oxygen and copper diagonal components of.

in-plane ions. This can be answered using the values of the Unlike the case of closed shells, for fractional occupation

factorsC!¥, for p andd orbitals given in Table I. Note in this numbers the off-diagonal components gfnp—p) cannot

respect that the contributions of the outer orbitals at the sam@e simultaneously taken to zero by using the Laplace equa-

ion are distinguished by symmetry, except for the case ofion. As shown in the Appendix the overa(np—p) can

d,2_ g2 andd, orbitals, sincle the latter have the same axialPe then expressed as

symmetry, and the factor€ ), have the same sign. Two _

issues can therefore be meaningfully addressed figréhe Y(np—p)=7"(np—p)+ 5y(np—p), (16

admixture of the P, orbital to the corresponding orbital at ~ whereyy(np— p)=48/29 np. in accordance with the Stern-

the oxygen positions, an(i) the admixture of the @;,2 .2 heimer’s result and the tensorial contentygh p— p) comes

to the 3,22 orbital at the copper positions. Leaving the through §y(np— p):

details of the analysis for Sec. Ill, it may be mentioned here

that in the caséi) the occupation of the |2, oxygen orbital

can be directly estimated from the symmetry of the local 0Y2ANP—P) =~ S (4Nnpzt Nnpxt Nipy)lnp.

contribution to EFG, provided that the local contribution is

suitably extracted from the experimental data. On the other 8

hand, for the 83,22 and ,2_,2 orbitals the factor<!y, 8¥2{NP—P) =5 (Mnpx—Napy)np,

are opposite in sign, and it is possible to distinguish the

respective contributions of those orbitals by changing the 8

total charge on the copper ions. 5yzy(np_>p)=2—5(nnpy—nnpx)|np_ 17
C. Indirect contributions Other components of the tenséy(np— p) can be obtained

The expressions for the indirect contributions to EFG ardy cyclic permutations of, y, andz indices.|,, is defined
given by Egs.(7) and (8). It is important to remember that Py Ed. (A9) in the Appendix, but note that the relative cor-
for ionic insulators, i.e., when holes are absenifself re-  rection 5y/+° involves only the occupation numbens,, ,
duces to a scalar. This is relevant here for the cases when thgile I, cancels out. In the next section we turn to a more
ionic configuration in the crystal results from polarizing the detailed discussion of various aspects of the EFG’s measured
closed shells of an ion. For example, this occurs on the inin HTSC’s. The scalar part of will be left as the free
plane O sites in LgCuO, and YB3 Cu;Og when the Cu-O  parameter, the same for all materials, to be determined from
hybridization is negligible. In additiony is a scalar when €xperimental data. Thereforé,, and the solutions of Eq.
there is a fourfold symmetry axis at the site considered. Thi$A6) are not relevant to this discussion.

is easily understood on noting that bath,, andV/2® have The potential importance of the tensorial natureyofan
to satisfy the Laplace equation. Such is the case at the Cu siR¢ appreciated through E(L7), i.e., for p orbitals. Assum-
in HTT phase of La_,Sr,.CuO,. ing, e.g., that the occupied orbital is,, namely, V{i®

Let us first mention the earlier relevant results. The indi-= Vi, but thatV24° is symmetric with respect to the
rect contributions to EFG in the closed-shell-ion cases havaxis, VIa%ce=\/a%ce ‘it trns out in the calculation of Appen-
been intensively studied by Sternheimer. He obtaipé@d)  dix A that (yV'"a19)  ~—(yVad As argued below,
=—4.1,R(0)=0.078 andy(Cu'")=—15.46,R(Cu**) = such a strong tensorial character pfis not found at the
0.179%° oxygen sites in highF; superconductors. Actually, at those
Since factorR enter in Eq(1), or below in Eq(17), only  sites the tensorial corrections of Ed.7) will turn out to be
through the product (4 R)(1/r®), the values of these two negligible. The large tensorial corrections to the scalar value
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TABLE II. The experimental EFG'$Refs. 4 and 8 the total lattice contributions to EFG and the estimated EFG's according td &q.

(all in units of 16* V/m?), with the respective asymmetry parame
of holes in corresponding orbitalsn; are also done.

ters, fords8r, 1£CuQ0,. The effective charge of iog and the number

atom Vg, Vb Vee 7 7’ Vaa Vb Vec Vaa Vb Vee n 7 Qi n;
exp. lattice Eq(18)

o) -1.0 -1.0 2.0 0 -0.52 -0.52 1.04 -1.04 -1.04 2.08 0 —-1.96 0.04

0(2) 73 —-50 -23 037 0.37 271 -20 -0.71 7.43 —4.36 -3.07 0.17 0.17 —-1.82 0.18

Cu 7.0 70 —-140 0 =247 —247 4.94 7.00 7.00 —14.00 0 1.71 071

La? 8.38 8.38 —16.76 8.38 8.38 —16.76 0 2.925 0

3n the calculation of tha/'®"°® contributions, the spatially average

d charge on La sites is used to insure the charge neutrality of the system.

In Ref. 25V .= +16.7x 10?* V/m? at the La site in La_,Sr,CuQ,, x<0.08, is reported.

of y do occur, however, at the in-chain copper site
YBa,Cu;0,, where they presumably involve the states.
The corresponding generalization of Eq7) is straightfor-
ward and will not be discussed here.

IIl. COMPARISON WITH EXPERIMENTS

First we consider the tensorial correctiofig(np—p) at
the oxygen sites, for the situation relevant here, when
occupation numbers per spin are approximatefy,=n,,,
=0 andn,,,=0.1. The following results are obtainedy,
= 48yyy = 48y,,= —0.066)°, 8y,y = Syx, = 0, anddy,
= =8y, = Syyx = — Oy, = 0.017°. Therefore, allowing
for uncertainties in the calculation of the indirect lattice co
tribution of the order of a few percents, we may continue t
EFG analysis by omitting the tensorial corrections at t
oxygen sites. At the copper sites, the closqal fubshell
gives a dominant contribution tg°. The §y(3p—p) cor-
rection disappears according to E4.11). Moreover, in the

tetragonal lattice of LaCuQ, compounds, where the hole

distribution at the in-plane copper and respectiti¥"°® have
fourfold symmetry, the totay is strictly a scalar.

In what follows, the scalar values of will be labeled by
y(Cu), v(0O), v(Ba), andy(La), and the simplified version
of Eq. (1) (y scalaj to be used is

Vaa= (1= RV (1= ) V™. (18)

The factory(Cu) is usually estimated by fitting the EFG

measured at the in-chain Cu nuclei in insulating ¥B8&;0¢.

offree parameter in Eq18). Assuming the stoichiometric va-
lences of all ions except for the in-plane onedCu) =
—b5.24 is obtained. Further, whep(Cu) and the in-plane
doping level§ in La, ,Sr,CuQ, are known, two remaining
unknown quantities;y(O) and the number of holes on the
in-plane coppefor the in-plane oxygenion, can be easily
estimated from EFG data. The valy¢O)= —6 is obtained
in this way. The valuey(Ba)= —62 andy(La)=—83 also

theesult directly from the experimental EFG.

Our next task is to test the possibility that some other
orbitals except fore ones are involved in bands near the
Fermi energy. We focus our attention on the three materials
for which the NMR/NQR measurements are available both at

N-all oxygen and at all copper sites, namely,, LgSr,CuQy,
heyBa,Cu,0,, and TLBa,CuQ,.*+12The assumption that
heonIy the o orbitals are partially occupied corresponds to a
particular form of the local charge distributiofLCD).
Through Eq.(18), this LCD can be checked against experi-
mental EFG’s. For the parameteys R, and{1/r3), we use

the values discussed previously. The only free parameter per
site, the population of the respective orbital n;, is esti-
mated from the largest EFG component measured at the par-
ticular site. The validity of initial assumption is then tested
on comparing the experimentally measured asymmetry pa-
rameter » to the one which corresponds to the assumed
LCD. The results obtained by this procedure are shown in
Tables Il and Ill, and discussed below. In those tables the
effective charge of an ion is equal:

. . . . _ 0 _ 0

Since at this copper ion there are no holg&u) is the only 0i=0j + 2Ny, =07 +Nn;. (19
TABLE lll. YBa,Cu;0;: The experimental EFG’s are from Refs. 1 and 2.
atom Vg, Vi Vee n 7' Vaa Vb Vee Vaa Voo Vee 7 7’ qi n;
exp. lattice Eq(18)

Cu?2 6.2 6.2 -—-124 0 —2.70 —2.00 4.70 5.83 6.54 —12.37 0.06 1.64 0.64
02 105 -63 —41 020 020 297 -097 - 200 1030 -464 -566 010 —0.10 —172 0.28
0(3) -6.3 102 -39 0.23 —055 225 —170 -—-4.22 9.60 —5.38 0.12 —-1.72 0.28
Ba? —8.86 0.53 8.33 —8.86 0.53 8.33 0.88 2 0
o(1) —-40 -—-7.6 116 031 —-0.51 -2.19 270 —-431 -6.00 10.31 0.16 —-1.71 0.29
Cul) -74 75 0.0 0.99 777 —248 —-529 —6.62 4.72 1.90 0.43 154 0.54
o4 -51 173 -—-121 04 -058 378 —-320 -6.87 16.37 —9.50 0.16 —-152 0.48
A 0.065 0.11 -0.175 0.065 0.11 -0.175 0.26 3 0

ANe take that the experimental values from Ref. 26 correspond approximately to the antisymmetric EFG tensor with~&lie3, 8.7.

bwe give here only the bare lattice contribution, because there are-a2 Y nuclei.
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Here q° is the charge of the ion in the vacuum state. Inof the Q2) ion has a higher symmetry for the £.a.Sr,CuQ,
particular, for the in-plane copper and oxygen iang) lattice than for YBaCu;O,, the asymmetry parametey is
=1+ng, Qozy=—2+n,. A widely accepted notation is found to be larger in the former case. This issue has been
used hereny and n, being the number of holes in the previously discussed by Hanzawaall® However, as their

3d,2_2-Cu(2) and the 3,-O(2,3) orbitals, respectively. model neglects the lattice contributions to EFG, it turns out
to be inappropriate for the discussion of the EFG’s for most
A. Apex oxygen atom (1) of the out-of-plane ions. It is also too crude to satisfactorily

The apex oxygen NMR presents a sensitive probe of théxplain " at the G2,3) positions. The experimental values
hybridization between @)-2p, and the in-plane copper or- of " in La,_,SrCuQ, and YBgCu;O; are »'~0.4 and
bitals. n'~0.2, while thep, model predictions are;’~0.2 and

Due to the small value of the(@®) EFG in Lg _,Sr,CuQ,, n'~—0.1(see Tables Il and ]I In order to understand this
our analysis gives a population of thg1)-2p, orbital by  discrepancy, it should be noted that, due to th@&xis
holes less than 1/5 of the respectivg. On the other hand, uniaxial symmetry of the @, orbital at the @2) site, the
the crucial experimental observation is that, within the ex-corresponding local contribution cancels out in the numera-
perimental resolution, the @) EFG is not changed by stron- tor of %’. The sign ofy’ is thus entirely determined by the
tium dopings 0.075, 0.15, and 0.24° This rules out a siz- |attice contribution in the assumex), model. Therefore, we
able participation of the @)-2p, orbital at the Fermi level recalculated the lattice contribution in YB2a,0, beyond
in La, ,Sr,CuQy, at least in the range of dopings mentionedthe point charge approximation. The charge distribution on
above. the neighboring ions was modeled by the Slater-type wave

In contrast to that, in two other materials the estimatedtynctions with parameters,, and {34 given after Eq(15).
number of holes at the apex oxygen is comparable tmthe  However, the correction tg’ introduced in this way was not
pointing to the strong hybridization of the(D-2p, orbital  qualitatively significant, sincey’ remained negative. The so-
with the suitably oriented orbitals from the surrounding ions.|ution of the problem comes on noting that the crystal field in
Unfortunately, at present there are no measurements of thfie z direction admixes the {2, orbital to the wave function
doping dependence of(© NMR spectra in these two fami- at the @2) site of YBaCu,O,. This admixture breaks the
lies. It should be noted, however, that in YBaxO; the  a.axis uniaxial symmetry of the contribution'°® in Eq.
spacing between (@) and Cu1l) sites is somewhat shorter (1g) and contributes a positive term tg . It should be em-
than the distance betweer(Ipand Cu2) (1.85 vs 2.29 A phasized that the effect occurs through®, rather than

This supports the idea that the charge distribution respor‘;[hrough the tensorial corrections /2 which are ne-

sible for EFG at @1) is preferably related to the (@)-2p, - : : T e o .
Cu(1)-3d,2_ > hybridization rather than to the (©)-2p, - glected according to the discussion at the beginning of this

A . ) section. The estimated occupation of thg, Drbital by holes
Cu(2)-3ds,2_ 2 hybridization. This also agrees with the band ; ; : '
structure results reported by Massidetaal >’ It is even more required to give the experimentaf” is somewhat less than

. o X 0.1 (while n,,,~0.3). This agrees qualitatively with the re-
likely t_hat suc_h a_S|t_u_at|on oceurs in 2H8,CUQ;. The Cu- sult of the band calculation for EFG, reported by Schwarz
O(1) distance is significantly increased thedd,Cu-Q(1)] ~ ot all

2.7 A, whiled [TI-O(1)] = 1.98 A is much smaller. Finally, In contrast to YBaCu;O,, the CuQ plane in the HTT

it is interesting to note that the nonzero value of the asym- A

metry parameten; observed at @) in YBa,Cu,O; arises phase of LagsSr 1=CuQ, is a mirror symmetry plane. The

mostly from the presence of the in-chain oxygen ions ThefryStal field in thez direction is absent, and therefore, at
orthorhombic distortion of the tetragonal lattice has only oom temperature, there is np2admixture at the (@) site.

small influence onn. Indeed. on assuming that the Iocalaonly the lattice contributes a term t¢', which is positive.
il - ' uming The structural phase transition between the high-

contrtljliu_tlon E‘ Ou?ghandgeigyléhf otrrt]horht(r)]mtr)]lc dgstors'gn‘temperature tetragongHTT) phase and a low-temperature
We oblainno=1.16 andnpr=1.16 1or In€ orthorhomoic and -, 1,4 hompjc (LTO) phase occurs at about 200 K in

tetragonal lattice, respectively. More generally, experimen; ; ;
. ; . L I . In the LTO phasdwhere th iven in
tally measured small displacements of ions from their posi- 81,65510.15CUQ. In the LTO phasewhere the data give

tions in the idealized lattices cause relatively small chan eTabIe Il are take a tilting of the CuQ octahedra breaks
- lattice S Y 9 eakly) the mirror symmetry at the @) site. The resulting
inV,, - for nearby nuclei. This contrasts with much stron-

: e I expectedly small g, contribution is positive. It combines
tgheer ﬁffiﬁ::gz;eigsr:'g'r?l\'(rgg:glegor ?x;:ngll:eéthe effect of  \ith the already positive value associated with the lattice.
- 6+ X :

Hence, in contrast to YB&u;0,, the 2p, contribution in

La, ,Sr,CuQy is not of qualitative importance in explaining

the sign of»’. On the other hand, the absence of EFG data
In the conventional description of the symmetry of EFGthrough the HTT/LTO transition makes a quantitative com-

through » one item of information, important to our discus- parison between experiment and theory premature. However,

sion of O2) EFG, remains hidden. This is best seen throught can be safely concluded that the opposite signs of local and

the parameter’ = (V..— Vp,)/Vaa. Clearly,| 5’| is equalto  lattice contributions ta;’ in YBa,Cu;O; are responsible for

the asymmetry parametey, but the sign ofyp’ will turn out  a somewhat smaller positive value gf, observed in this

to distinguish between the asymmetries originating from thenaterial, than that in LgsSry 1:CuGy.

lattice and from the local EFG term. The transition of the LTO phase into a low-temperature
At first sight the measured asymmetry parameters(at O tetragonal (LTT) phase in La_,BaCuQ, introduces the

ions are confusing. In spite of the fact that the neighborhoodnirror symmetry at one of the two in-plane oxygen sites,

B. In-plane oxygen atoms @2,3)
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TABLE IV. Optimally doped orthorhombic FBaCuQ; ., with T,~ 85 K, Refs. 11 and 12.
Atom Vaa Vb Vee 7 7' Vaa Vbb Vee Vaa Vb Vee 7 7' i n;
exp. lattice Eq(18)

Cu? —-3.18 —3.18 6.36 4.56 456 —9.12 0 1.58 0.58
0(2) 122 -83 -39 0.36 0.36 356 —-346 -0.10 1208 -—-7.72 —-436 0.28 0.28 —1.675 0.325
0(3) -83 122 -39 0.36 —3.46 356 -0.10 -—-7.72 12.08 —-4.36 0.28 —1.675 0.325
Ba 2.29 229 -—-458 229 229 —458 0 2 0
o(1) =77 =77 154 0 -1.71 -1.71 342 —-750 —750 15.00 0 —1.56 0.44
TIP 0.40 040 -—-0.80 0.40 0.40 —0.80 0 2215 1.215
o(4) -43 -—-3.7 8.1 0.07 —1.45 -—-1.45 290 -—-4.47 —447 8.94 0 —1.77 0.23

®The value 0f®3vq ,~23.3 MHz is measured, which correspondsfig = —9.1x10%* V/m? and » = 0.
®The bare lattice contribution only is given here.

which forbids the p, admixture at this site. There is, how- the 3d;,2_,2 state is, within the limits of accuracy of the
ever, a charge transfer between the two oxygen sites ipresent analysis, at most ten percent of the charge which
questior?® Unfortunately, there is also a lack of experimen- goes to the d,2_,2 state, contrary to the proposal that the

tal data for this interesting situation.

All qualitative arguments, mentioned for the LCD at2p
in the HTT phase of LggsSry 1=CuQ,, hold in ThBa,CuGy
as well, as easily seen in Table IV.

C. In-plane copper atom Cu/Cu?2)
First we consider the symmetry of the LCD on cop

excess charge on Cu is small and that its change with doping
is mostly associated with the change of thel;3_,2
occupatior?? If this latter assumption were true’®vg p,
would decreaseslowly upon doping, contrary to observation.

In most compounds which belong to the three families
under consideration®Cu-NQR exhibits two signals attrib-
uted to the in-plane copper nucfei?* The origin of the

Persplitting of these signals is not entirely clear and represents

ionS, by analyZing the doplng dependence of the mairan interesting open question_

63Cu-NQR signal in La_,Sr,CuQ, (Fig. 1). On assuming

that the occupation of both relevant orbitalg,3 > and

3dj,2_,2 changes with doping, the change ¥, must be

proportional to the differencen(3dy2_y2) —n(3dz,2,2).

For example, thé*Cu-NQR spectra in all LaCuQ,-like
compounds, La ,Sr,CuQy, La,_,BaCuQy, and
La,CuQ,, , are characterized by two signdi$283132Both
signals are coming from the copper ions in the metallic re-

This is because thel, factors(Table ) for the respective gions of the sample. The frequencies measured in

orbitals are equal in magnitude but opposite in sign. At
same time, the lattice contribution tp in Eq. (11) is not

theLa, _,Sr,CuQ, (Ref. 8 are shown in Fig. 1. In extended
x-ray-absorption  fine  structure  experiménts on

appreciably affected by doping. As easily seen from the obt a, ¢:Sr, ,4CuQ,, two different copper sites are also found,

served increase c?Fst,m (Fig. 1), the excess charge going

to one regular, and the other corresponding to the deformed
CuO; octahedra. Taking into account the variation\uf e

in this deformation, we find that the measuré, fre-
410 guences require the copper orbital occupancigg~0.71
for the main anchy ¢~0.74 for the secondary signal.
390 | Next we turn to YBaCu;0O;_, family where Cu-NQR
spectra are the simplest and the best understood. Generally,
¥ two kinds of C2) sites appear in the NQR spectra. The first
= 370 site corresponds to the @) ion with neighboring in-chain
E O(4) oxygen positions empty, as in YBau;Og, while for
o the second O@) site these positions are occupied by oxygen
g> 350 r 0.4 ions33 In stoichiometric compounds only one Qu site ap-
v 8 o2 /
330 TABLE V. Distribution of the additional holes in YB&u;0,
09,5 o2 od (Apg=2tpq) and LaCuQ, (Apg=3t,g) based materialss is the
X doping of the plane obtained in the EFG analysis. In YB&0Og ny
31.0 L : L : is obtained using the experimental EFG, Ref. 24, whijdfollows
0.05 0.15 0.25 0.35 0.45 after the assumption that = 0.
X (Sr content)
np Ng 3% nadd 5
FIG. 1. The calculated dependence of ﬁ"feQ frequency orx
(full line), compared with the frequencies of the main and second~YBa,Cu;Og 0.225  0.55 0.0
ary %Cu-NQR signals rg m and ®*vg ¢, labeled by open and YBa,Cu;0, 028 064 275% 45% 0.2
filled triangles, respectivelymeasured in La ,Sr,CuQ,, Ref. 8. Lay g5Shy 1CUO, 0.18 0.71 0.07
(For %3y given in MHz units andv,, in 107 V/m? holds ®vg = Lay 7St 24CUO, 0215 073 39% 22% 0.16

2.55/,,.) Inset of figure shows relatiod to x.
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pears: the first one in the insulating YEa,Og and the
second one in metallic YB&u;0;. The CY2) EFG in
YBa,Cu;O; is consistent with a local charge distribution
where holes reside only ind3z_,2 orbital. There are some
data related to the doping dependence of Cu-NQR spectra ir 9.g0
the YBaCu;O; family, but they have been obtained by dif-
ferent authors on samples from different batches. Thus, we
are unable to compare further the contributions dfz3 2 ny
and 3;,2_,2 orbitals by repeating the argument used for the
main %3Cu-NQR signal in La_,Sr,CuQ,. Neither Cy2) 0.60
EFG nor Q1) EFG give any clue about the degree of hybrid-
ization between ()-2p, and Cu2)-3ds,2_,2 orbitals in
YBa,Cu;0;_y. In YBa,CuwyOg the structure of EFG at the
Cu(2) position is qualitatively similar to that in YB&u;O;. 0.40 . ) . .
The quantitative doping dependence will be analyzed in next ™" "4 g 2.0 3.0 4.0 5.0 6.0
section(results are given in Table )V A d/t ,

P& p

In the orthorhombic phase of JBa,CuO;., two *3vq

signals, split by 2-3 MHz, are fourfﬂ,whlle in the tetrag- FIG. 2. The dependence af; on energy differencé 4 (main

onal phase only one signal is observed. ShimaRawia a ({igure) for 5 — 0.001(A), 0.1 (B), and 0.2(C) and on dopings
chemical and structural study for various tetragonal an insey in the regime of parameters which is appropriate to the

orthqrhombic_TiBa2Cu06+X materials in or_der to find a La,CuO, based materials.

possible relation between structural properties and the NQR

observations. He suggests that the splitting of ?Pveb sig- IV. MANY-BODY MODEL

nals may be caused by the displacements of Tl ions from _ _ . _

their ideal positions in the orthorhombic phase. We calcu- Itis interesting to investigate finally how our results relate
lated corrections t®v,, coming from these displacements 0 models describing the correlated electrons in  the
as well as from displacements of oxygen ions from the Tiocuprates: _ . o
planes, present in both phases. The obtained differences in We start with Table V where the in-cell charge distribu-
6314 for both kinds of lattice displacements are less tharfions for a pair of LaCuG, and a pair of YBaCu;0; based
1/10 of a percent. It seems that some kind of in-plane Ch‘—jlrg_@aterlals is given. Note that in both families the hole; doped
transfer, leading to two differenty’s, is needed in order to iNto CuG;, planes are shared in nearly equal proportions by

explain two ®3Cu-NQR signals in BBa,CuQ;, . copper and oxygen ions. At this point it should be recalled
that there are numerous indications that the strong on-site

repulsionU, at the in-plane copper atom is important for the
D. In-chain copper atom Cu(1) physics of cuprates. In particular, in the qualitative picture of
the antiferromagnetic state the spin is entirely attributed to a
ingly occupied copper orbital. Therefore, it seems surprising
hat a large portion of the additional hole goes to the copper
site. Moreover, our discussion of NQR data through @8)
showed that, indeed, thed modef® takes into account all
qualitatively important tight-binding states. The question
&which remains is whether the EFG results can be reconciled
with the largeU 4 assumption in this model. We examine this
question starting from thpd Hamiltonian

The most striking discrepancy between predictions with
scalary and experimental data is found at the in-chain cop+
per site of YBaCu;O;. The experimental EFG tensor is an-
tisymmetric (p~1), while the scalar Eq(18) gives n~
0.43. The two terms which contribute to the expressits)
have significantly different symmetries: the local term, du
to the corresponding orbital 3d,2_,2, and the bare lattice
contribution have Yoca—Violocal—g  and pice
— Vv2lieq) vialiee~ 0.36, respectively. Thus, the precise calcu-
lation of the (V'3  at this crystal site must take into

account the tensorial corrections 40 presumably other & H=2 [Eqdl,des+ Ep(PlsPxss T Py soPyss)]
orbitals besides thedd2_,2 one, as already mentioned at the 7
end of Sec. Il. " :
To conclude, a variety of information related to EFG's + 2 [tpa(Pheot Pyso)dse
measured in the HTSC materials was discussed. Only the 7
symmetry-based conclusions can be accepted without reser- —tpd(pls_ag+ p;s_bg)dsg+ H.c]

vation, while the others are more parameter dependent. Nev-
ertheless, most of the parameter-dependent estimates, col-
lected in Tables IlI-IV, may be submitted to further
theoretical analysis. As a first step, and the simplest test of
the EFG analysis, the charge neutrality of a unit cell can béderepl,, p;s,,, andd! are creation operators for holes in
checked for the materials where all ionic charges are est2p,-O(2), 2p,-O(3), and 3,2_,2-Cu(2) orbitals at the site
mated independently. At present this was done fors, respectively, whileE, and E4 are the corresponding on-
YBa,Cu;0; and ThBa,CuGQ;., «, giving some additional, al- site energies. The overlap energy between the fipst &nd
though rough support to our results of the EFG analysis. 3d,2_2 neighbors (-t ) is the only one taken into account.

+§S‘, Uqdl dgdf ds, . (20)



8598 IVAN KUPCIC, SLAVEN BARISIC, AND EDUARD TUTIS 57

As it is widely accepted that the on-site Coulomb repulsionspect to the changes éfor A4, already for not too largé

U, on the oxygen site is not a relevant parameter of theand A 4. Such a saturation is the direct consequence of a

model, we useéJ,=0. Furthermore, in order to simplify cal- largeUg.

culations, it is also usual to consider the model with the In Fig. 1 we directly compare the results of the slave-

nearest and next nearest Coulomb interactiddpgandV,, boson calculation with the measured NQR spectra in

equal to zerasome average shifts produced by these CouLaz_XSrXCuO4 materials. The dependence of resonant fre-

lomb terms are implicitly included i, andEg). quencies®? vq on x confirms qualitatively the picture of a
For Uq—co the Hamiltonian(20) can be treated in the hole-dopedpd model with largeUy and Apq~t,4. Indeed,

slave- boson approach?’ using two auxiliary operators, fer- for chosen model parameters the holes doped into the con-

m|on|cf ., and bosomcb’r The first one represents a singly ducting planes go to copper and oxygen sites in nearly equal

occupled 38l,2_,2 orbital at a sites while the other one rep- proportions.

resents the empty state—the electronic operu{iplbecomes

the composite objectd! =f! bs. The constraintng=<1 APPENDIX: CALCULATION OF y(np—p)

turns into equahtyE(,f;r(,fs(,er bs=1, when expressed in

terms of the auxiliary operators. The constraint is then intro-

duced into the Hamiltonian(20) through the respective

Lagrange multipliers\s. On applying the saddle point ap-

proximation,bl and )\ are replaced by numbeis and \.

The Hamiltonian for fermions acquires the following form:

The quadrupolar part of the crystal potential acts as a
perturbatlon on the unperturbed orbltalslfgpk(r)

(1/r)unp(r)pr(Q) with the respective orbital enerdy.
Hereugp(r)— rR,p(r). In general, the quadrupolar potential
is of the form

i 1 ice
H=aN(1+ 0)= 3 [(Eat A=) fort (Ep=po) VRS IEZ )4 0P —yH IV (AD)

1 e " where 7 and the local axes are defined by Efjl). Consid-
X PrsoPxso T (Ep= 1) PysoPyss] ering only the radial polarizability of thp orbitals, the per-
turbed wave function can be written as
+ 2 b[tpd( pISU+ p;SO')fS(r_tpd
7 \I,ﬂpK(r) npK(r)—'—\I,npK(r)
X(p)tsfaa—i_ p;sfbo)fSO'_l_ HC]
:_[unp(r)+Bpk np(r)]pr(Q) (A2)
+ > A(b%—1). (22) _ _ _
s In the first order of perturbation theory, the equation for

N\ andb have to be optimized by minimization of the ther- "PK(r) takes the form

modynamic potentiaf). After all the simplifications, the av- —Eq W gl e)\/lattice] [0 A3
erage charges in the copper and the oxygen orbitals depend (H ol ””"> [ ””" —(=9) A¥apa- (A3)
only on two dimensionless parameters: doping of the conThe energy correchonEE},}K are
ducting planess and A,4/t,q, the energy difference be-
tween 2, and 3,22 levels (A,4=E,—Ey) measured in __<r2> (1- )V,amce
terms of thepd overlap integrak . ”PX np K '
Since the EFG’s are nearly independent of temperature,
we solve the saddle point equations @ ) Jatiice
Enpy:§<r >np(1+7l)vzz ’
Q1 ob=0,
dQIIN=0, Eglp)z_ _ <r2>npvlatt|ce. (A4)
— QI du=N(1+5) (22

(Following Ref. 19 we use Rydberg atomic unit§he coef-

at T=0 K. In Fig. 2 we show how the charge distribution, ficients B, are obtained on writing the expressioh3) in
described in terms of the number of holes on tiigz3,2-Cu ther representation, and integrating over angular variables:
orbital, depends on two relevant parameters of the model, for

(@ = i;).001, 0.1, and 0.2main figurg and A,y = 3.0 tyqg Bpx=—%(1— )Vlattlce,
inse).
Three qualitatively different regimes are founthy/d6
>0, dng/d6~0, dng/36<0, corresponding ta ,4/t,4<4, B —_ _(1+ )V,amce
Apgltpg=4, andA pq/tp4>4, respectively. Although the es- Py '
timated small values of additional; may be somewhat un-
certain, on the qualitative side the results given in Table V 2 atice
(9ng/38>0) clearly show that the effective value Af,q is Bp:=gVez - (AS)

comparable to the overlap integrg)y. Besides, the other
important qualitative result is the saturation mf with re-  The functionuﬁ]l,}(r) thus satisfies the equation
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d2 2 ’ O ! !
~ o3t Vo Bo Uy = (12— (1)U, (A6) ufp (N =ugg(r - 2 Up (1 fugl,}(r yud, (r')dr’.
r< r
(A10)
which, in general, has to be solved numerically. H&geis

an effective on-site potential.
The corresponding indirect lattice contribution to EFG

can be written in terms of tensgi(np— p)

This allows us to expresg(np—p) in terms of the integral
. As the transformation between expressidAS) and
(A8) is not unique, becaus#°® must satisfy the Laplace
equation, any term proportional B,V"2""® can be added to
the right-hand side of Eq$A7) or (A8) We use this free-

vind— E Yap(NP—PIVEE, (A7)  dom to minimize the off-diagonal components of the tensor
y(np—p).
and, at the same time, using E@8), (14), and(A2) as In this way one obtains thag(np—p) is a scalar for a

closed-shell configuration, and equal to

vid= —1 > (1-np,,)4B,,CPX . (A8) 48
e e Y(NP—P) =3¢ np- (A11)

In the last expression, we introduce . )
P The number 48/25 is the well-known Sternheimer’s factor

related to the closed subshells.
|np:f ugp(r)Uf]lg(r)r“”dr, (A9) For the partially filled shells, the result is

— .0
whereu((r) is obtained fromu{})(r) by the orthogonaliza- y(np—p)=y(np—p)+y(np—p),
tion over aII occupied states® with 8y given by Eq.(17) in the main text.
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