PHYSICAL REVIEW B VOLUME 55, NUMBER 1 1 JANUARY 1997-|

Exact diagonalization study of the hole distribution in CuQ; chains
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We consider the hole distribution in Cy@hains as a function of the total hole numbet @ <2 per chain
unit within the standardip model containing one orbital per site. The nonequivalency of the apical and the
chain oxygen sites is taken into account explicitly. Using slightly modified standard, @leDe parameter
sets, we compare the results of exact diagonalization studies of periodic and opgrciaits with experi-
mental data for YBaCu3;0,_s (YBCO) and C4Sr),Cu0O;, and with theoretical results obtained within the
following often used approximations: the Hartree-Fock and the local ansatz approximations, as well as with the
exclusion of double occupancies at Cu sites and also that at oxygerispireless fermion pictuje We have
found out that the ratio of the hole densities on the apical and the chain oxygen sites is sensitive to the
magnitude of the nearest-neighbor Coulomb interacligg and the difference of their site energias,.
Adopting valuesVpg~ 1 eV andV,,~0.5V 4, we estimated ;,=1.5to 2.5 eV for YBCO from the compari-
son with O I x-ray absorption spectroscopy affD nuclear magnetic resonance data. Using experimental
values of the corresponding binding energies and the components of the electric field gradient tensor, the site
energy of the apical oxygerp2 states relative to the planar copper(2usd,:_» states is estimated as5 to
6 eV. With increasing hole doping and/or the strengtvgf, the holes are increasingly localized at the apical
oxygen sites. Various chain aspects of proposed scenarios for the@uga; problem are briefly discussed.
[S0163-18296)04546-9

[. INTRODUCTION apical oxygen p, states is of prime interest within the con-
text of multi band models for the occupation of the plane-
There is an increasing interest in the electronic structureopper 8,2 orbital in competition with that of the plane
of CuO; chains which occur in various cuprates.In the  Zhang-Rice singlet staté8:2®
RBa,Cu;0;_ s compoundsR=Y, La, rare earth=~0.0 to A detailed knowledge of the charge distribution on the
0.5), these chains control the doping of the Cu@lanes and chains is also necessary for the assessment of hypotheses
thereby also the plane-dominated superconductivityjnvolving hole doping of the chaif$ or of the Ba-Q4)
whereby the exact relation of the mobile hole concentrationplane$® in order to explain the absence of superconductivity
within chains and planes as well as the origin of the superand metallicity in the anomalous PrBau;O, compound.
conducting condensate observed experimentally in the Finally, the interpretation of recent data responding to
chains, too, is still uncled 3 Notably, a simple plane- optics?® magnetic susceptibility’~3° and transport >3 of
induced chain superconductivity due to the usual proximitythe linear chain cuprate€a,S),CuO; requires theoretical
effect has been excluded in Ref. 10. investigations of Cu@ chains within realistic microscopical
In addition to the knowledge of the total hole content permodels®*
chain unit, a quantitative understanding of the hole distribu- We regard the standacp model with one orbital per site
tion among the apical and chain oxygen sites of GeBains as a reasonable starting point to discuss some chain-related
might also shed light on the applicability of nonstandard mi-aspects of the above-mentioned problems quantitatively. A
croscopic scenarios to describe the chain superconductifirst step in this direction was taken by Olasd Grzelka?®
ity,’> as well as the magnetic, electronic, and chain-relateavho studied the hole distribution in CuChains within the
lattice instabilitie$®® as suggested on the basis of recentdp four-band approach applying the Hartree-Fock approxi-
experimental observatioRs® mation (HFA) and the local ansatd A) technique. Follow-
The physics of the charge transfer between chains anihg these lines, in the present paper we shall compare the
planes depends crucially on the properties of the apical oxypredictions of Ref. 35 and some other often-used approxima-
gens which themselves form an important part of the chaindion in the cuprate literature with the results obtained by the
In this context we mention quite interesting phenomena asexact diagonalization technique for small clusters. In addi-
cribed in the literature to the apical oxygen anharmonitity, tion, we shall investigate the consequences of a possible
as well as the controversial discussion on the topic as to howarge difference of apical and chain oxygen site energies
the apical oxygens affect the superconducting pairing mechal,, as suggested in Refs. 7, 20, and 36 and the effect of
nism within the plane&’ In particular, the site energy of the Coulomb interaction between oxygen Sit&&,~ 0.5V q
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55 EXACT DIAGONALIZATION STUDY OF THE HOLE. .. 607
which have not been studied in Ref. 35.

There is a large body dthainlike cluster calculations in
the literature. Here, we refer only to the recent works of
Aligia etal” and to theab initio study of Mei and
Stollhoff3” The former map the low-energy peaks of the
optical conductivity, o(w), resulting from the four-band
dp model as considered hefbut with different parameters

Anionic cuprate complexes

. Q. OO0
than our$ onto thet-J model in order to evaluate(w) for OOOOOO o 00 0 0 O O
ins i i i 0-0:0:0 0:0:0:0-0
long chains in the ir frequency region. _ . 596°95°% 5059559598
In the latter work for clusters of the same size as in our 0.0-0-0
calculations, the effect of an extended bagigluding Cu 0%6%:%:% CuO; chain

3d,2 as well 4 and 4p orbitalg, the averaged charge densi-
ties, and the spin-correlation function have been studied | CuO; plane CuO; dumbbell
within the local ansatz approximation.

In the present paper we shall address mainly three prob-
lems: (i) how the hole distribution changes as a function of
the total hole content per unit cellj) how several popular
dp-parameter sets proposed for the layered cuptat¥s
should be modified for the cuprate chains in order to describe
available experimental data, and, final(yyi) how important
correlation effects are for the electronic structure of GuO
chains in various materials. FIG. 1. Anionic cuprate complexes in typical layer structures

The paper is organized as follows. In Sec. Il we discusonsidered in the present paper: Gu@ane(left), CuO, dumbbell
the total hole content per CuChain unit for various chain- (middle), and CuQ chain (right).
bearing materials. Some remarks on the choice of the
dp-model parameters and the calculated quantities are mad@rth element(Sr, C3,Cu0;,2%%" and (Sr,Cd,_,Na,CuO;
in Sec. Il. The results of our study are presented in Sec. IV(x<0.5) 332 The cationic oxidation states ar&Ba,) '*?,

The accuracy of the Hartree-Fock approximatiptA) and  (Sr,Ca, 4, and (Ca,_,Nay,) **7*, respectively. Hence the
the local ansatZLA) and the double occupancy exclusion oxidation state of the chain complex of the latter two mate-
(DOE) approximations with respect to the hole distribution rials is well determined to béCuO3) ~# in (Sr, C3,CuO;

are discussed in Sec. IV A. The general trends of the holand (CuQz) ~*4** in Ca,_,Na,CuO;. Recently,
distribution among the nonequivalent sitgs i=1-3, as a Sr,CuOs. ; with excess oxygen was reportédor which
function of the total hole contennn per chain unit the oxidation state of the chain complex would also be
and for fixed n=1.5 (corresponding approximately to (CuQ;) *** x=26 provided homogeneous doping has
YBa,Cu3;0-) as a function of the model parameters are conbeen achieved.

sidered in Sec. IV B. In Sec. IV C we present our results for The situation with RBa,Cu;O;_s is much more in-
the spin-spin correlation function and compare them with thevolved, because in this structure all three anionic cuprate
ab initio cluster calculations of Mei and Stollhc¥f.Follow-  complexes are present, and, moreover, some cations may not
ing that, a short discussion of the interpretation of thegD 1 be fully ionized, causinggz<0 (Ref. 25 or tending to a
x-ray absorption spectroscop}AS) transition energies and higher valency, causing>0. Obviously, the “alloy” cases
Madelung energies in terms of oxygen site energies in thef R,;_,M,Ba,Cu;0-_;s and RBa,_,Q,Cu;0, s, where

dp model is given in Sec. IV D. Possible consequences fonontrivalent ionsM =Ca, Th, or Ce occupy thR site? or
chain aspects of various scenarios proposed to explain thghen trivalent ion€Q=La(Nd) occupy the Ba site and some
absence of superconductivity and metallicity of the PrBaadditional oxygen ions §~0.07) reside on (3) sites?>**
»,Cuz05 compound are briefly discussed in Sec. IV E. Pos<an be included in the consideration of the two former clean
sible long-range ordered states for half- and quarter-filledcases. The oxidation state of the planes(@iO,) ~2*Y,
chains are briefly discussed in Sec. IV F. We end with Secwherey is the deviation from half-filling of the uppermost
V, where conclusions are drawn and prospects for furtheantibondingd-p band. Its value depends on the constitution

theoretical and experimental studies are discussed. of the material. There are always two planar GuGm-
plexes per formula unit. In the most ordered case, with

Il. OXIDATION STATE AND HOLE COUNT ‘;:J/(J k) b?'”g ah r‘?‘t'on?l numberj (.fhsma” "}t(ejgerﬁ

OF CuO; CHAINS there arej perfect chains alternating witk rows of dumb-

bells. Hence, there are (16) chain complexes per formula

Layered cuprate structures contain three types of anionianit and é isolated chain dumbbell€CuO,) 3. The oxida-
cuprate complexes: extended Cu@lanes, extended CuQ tion state(CuOz) ~*** of the chain complex is obtained by
chains, and isolated CuQdumbbells(see Fig. 1 While the  summing over all oxidation numbers multiplied by their oc-
isolated dumbbells appear exclusively in ((@0,) ~3 oxi- currence number:(—4+x)(1—96)—35+2(—2+y)+(7+2)
dation statgmonovalent Cy planes and chains are subject =0. One then finds
to mutual doping.

Known structures containing CuO chains are 2y+z

RBa,Cu;0;_, (0=6<1) with R being Y, La, or any rare- x=1- 1-6° &
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Notice that insertings=0,1/2 andz=0 into Eqg. (1) one Only for nonsuperconducting compounds must the possi-
reproduces the results of Zaanenal. *° Disorder of the bility of significantly differentx values again independent of
chain leads to an increasing number of chain ends, ineffecs also be considered, that is, for Prus0,_5, x~1>°

tive in the intrinsic doping balance: Chain ends behave mucland for YBaLaCuQO+, 5,x~0.

like isolated CuQ dumbbells. At a given fixed, disorder A CuO5; complex with completely filled coppereBstates
thus leads to a reduction of the number of chain complexe&Cu-I ion) and completely filled oxygen42 states would be
below (1-6). Hence, Eq.(1) gives an upper limit forx in an oxidation stat¢CuQ;) ~°. Hence, the total hole num-
(since 2/+z is always positive for hole doped cuprates ber per chain complex in thd-p-band complexes of the
which is expected to be approached from below by carefuthain is

heat treatment. To illustrate this point, within the simple pic-

ture of noninteracting, i.e., randomly distributed vacancies n=1+x, 4
residing at the @) site on the CuQ@ chain(compare, e.g., ) ) o
Refs. 46 — 48 one has with x taken from the above analysis. Unfortunately, it is
very difficult to determine within a few percent of error ex-
2y+z=1-x—(2-X)8,+(2+x) 82— x&° perimentally the absolute amount of the hole numbers in the
plane and chain subsystems separately.
~1-x=(2-X%)6,, ) In any case, it is a timely problem to study the properties

of cuprate chains in the range of total hole numbers

where §,<1 denotes the vacancy concentration. S .
v y 1=<n=<2, and we are now considering this task.

In most casesz can be assumed to be zero or negligibly
small. For §~0 (ortho-l structurg one usually findsy~
0.25 and hencex~0.5*° The exception might b&r=Pr, Ill. MODEL
where some authot¥’ favor similar valuesx~0.5, while
other$?~>3find indications for reduced and/ory values, or
even suggesy,z~0 (Ref. 29 and hencex~1.

In cases where the hole doping lewelf the supercon-
ducting, CuQ planes of the reduced structures has no
been determined experimentally, we estimated it from th
empirical relation for the transition temperature to

We adopt the extended Hubbard model which in the cu-
prate literature is very often denoted as a multibaty
Hamiltonian. Hence, it is presumed that each site bears one
orbital only, namely, the B, states of the apical oxygens
tO(4), the 2o, states of the chain oxygens(D), and finally
She 3,22 states of the chain coppers @y wherey(b)
denotes the chain direction. Tldgp Hamiltonian reads as

superconductivity°°
T 2 _ A t
¢ =1—A(L—1) ' (3) H—Ei: 8ini+<i§j;stij(ci,sCJ,S+H'C')
Tc,max ymax A

with A~2.1, T max=94 K, andyp,~0.21. +2 LJ“ﬁmﬁimL(Z:> Vi, (5)
! i,

For the ortho-Il structure witd~0.5, which is expected t
to be totally ordered in the thermodynamically stable state,
having a transition temperatufe,~ 60 K, one would find, Wherec/ creates a hole with spin projection1/2 at site
from Eqg. (3), y~0.13. Similar reduced values 0.14 i, n;¢= cfsciS denotes the number operator, and
<y=<0.2 have been suggested in the literaf’®>’ This  A,=3clcis. In the present hole picture the vacuum state of
leads tox~0.5. Very recently, fors=0.23, the observation the Hamiltonian, Eq(5), is given by the Cu 8 O 2p°®
of an ortho-lll phase has been repoRdith a transition  configuration. For the transfer integrals we use the same sign
temperatute off .~84 K. It is considered to consist of an convention as in Ref. 60. A schematical view of the Made-
ordered structure with two perfect C4yQ@hains alternating lung (crysta) field effect on the oxygen site energies and the
with one row of dumbbells. The analysis using Eg).would  notation of site energy differences are shown in Fig. 2.
yield y=~0.16 and agairx~0.5. Finally, we speculate that Unfortunately, to our knowledge there is no reliable chain
superconductivity observed for YB&u3Og 41 below T, = parametrization like that for the CuQplanes of LgCuQO,
20 K is due to the orthoHI structure®® with chains and rows (Refs. 38—41 for any material containing Cu©chains. In
of dumbbells of the ortho-lIl structure interchangétence these circumstances it is reasonable to start from one of the
6=2/3 in the pure structuyeOur analysis via Eqg1l) and plane sets. In the present paper we shall refer to two most
(3) yieldsy~0.08 and once more~0.5 in this case. Related frequently used plane sets, namely, the set proposed by Hy-
estimates on the basis of the XAS data are discussed in Sdeertsenet al,*®

(A

Summarizing, we findxk=0 for (Sr,C3,CuO3;, 0 <x Ug=10.5, Up=4, V=12, t,3=1.3,
<0.5 for Sr,_,Na,Cu0;, 0<x<0.2 for SLCuO;3, 5, and
quite stablex~0.5 for all superconducting members of the tpp=0.65, Ay4=3.6, setl),

RBa,Cu;0-_ s family independent ob, and not discussed

here in detail in “alloy” cases also independent and the empirical one of Eskes al, *!

of the cationic site where the substitution for ions with

higher or lower valency occurs. Thereby in the case of Ug=8.8, Up=6, V=1, t,4=1.3,
YBagslagsCuO3;0+, s a reasonably small excess oxygen

concentrations~0.087 has been assumed. tpp=0.65, Ap4=3.5, sefll)
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from open (CuO,) \Opn+1 Clusters (with oxygen ions
at the endsbut deviate somewhat from the more realistic
(CuO,) \Oy_1 (copper terminated Aiming at the behavior
of open chains of lengthid~ 20 as relevant in real materials,
we believe that for many physical properties periodic chains
of the upermost cluster sizd~4 to 6 which can still be
handled by the Lanczos method give a better description than
open chains of that size.

Dealing only with ground state properties of the Hamil-
tonian[Eq. (5)], we report here on results for three quanti-
ties: (i) the site expectation value of the hole density

® cul) O o@1) ® 04 ni=(G|n;|G), (6)
(i) the bond order

— 0(4) 2p. 1 +

A, 0,02, Pij=5{ G 2 (] ¢j sTH.C)|G), @
i 0(1) 2p,

= and (i) the spin-correlation function
A, e
d Cu(1) 3d Cu 3d fij_<G|SiSj|G>_43_1<G|(ni,T_ni,l)(nj,T_nj'i)|G>, (8)

where |G) denotes the ground state and the last relation
holds for any singlet state.

As mentioned above, the hole doping of Cu®hains
. . within thedp model was first studied by Olesd Grzelka®
FIG. 2. Upper half: open cluster considered in the present paperrhey adopted a slightly modified version of parameter(get
The refgren_ce points of the off-diagonal spin-correlation f“nCtionssuggested by the structural data of Yfai;0,. Owing to
shown in Fig. 6 are denoted by a, b, ¢, d, and e. In the case Otfhe shortened @)-Cu(1) distance[R,Z)d~ 1.83 — 1.855 A

periodic boundary conditions fqCuQOs) \ clusters the sites e and . y
e’ coincide. The numbers 1 — 9 denote the site count used in Fig. é.Ref' 61] and to the enlarged @1)-O(1) distance de~

Lower half: schematical view of the site energies and the crystaf-9412 A compared with the mean Cu-O bond lengths

field effect on the nonequivalent oxygen sifegical oxygen @) L Rpa(l)~ 1.89 Al in the CuG, planes of LaCuQ,, they

and chain oxygen Q)]. adjusted the transfer integral, andt;y according to the
power law parametrization proposed by Harri§én,

[all energies are given in eV; cf. the text after E§0) below i R _a5
for the modification of the,4 in the YBa,Cu;0- casé. pd :( pd ) , 9)
For the CuQ chains the difference of the apical and toa(l) |\ Rpa(l)

chain oxygen site energies,,= e, a— £p ch, Will be treated - . . . _
as a free parameter, whereas for the difference of th@)Cu arzld similarly also the intersite Coulomb mteractm):'jﬁJ and

and chain oxygen Q) site energiesA q=ep &g, a pd

plane value in the charge transfefCT) limit 14

Ug,U,>A ¢ty is adopted A,4~3.5 eV). The on-site Vpd :< Rod ) 10
Coulomb interaction parametets, at both nonequivalent Vod(1) | Rpa(l)

oxygen sites are assumed to be equal.

Using the Lanczos-method the Hamiltoniggq. (5] has N Ref- 35,t54=1.3 eV,t,,=0.65 eV, andRp,=1.85 A have
been diagonalized exactly for finite clusters with periodicP€en adopted, yieldingh;=1.535 eV forty,=13 eV ie.,
boundary conditions in chain directignand also for clusters the increase of R}y ongoing from La2CuQ to
with open chain ends. Our analysis aims at a study of longfBa,Cu30; was ignored. For comparison we note that,
chains in thermodynamic equilibrium structures; finite chainsRefs. 7 and 36t,,=1.95 eV,t};=1.5 eV, andt,,=0.6eV;
are considered due to numerical limitations only. Thereforej.e., significantly larger nearest-neighb@N) transfer inte-
following Aligia and Garces® we adopted for open clusters grals have been adopted. Except the case when we compare
the simple picture where the site energies of all equivalenour results with those of Ref. 3&ec. IV A), we shall ne-
places including the end sites coincide energetically in elecglect the weak changes following from E¢L0) because
tron representation. The cluster size which can be handletheir effect on the calculated quantities is very small. How-
numerically depends crucially on the filling ratio. For one ever, the modifications of the transfer integrals according to
hole per chain unit, simulating the ®a),CuO; com- EQq. (9) will be taken into account. Thus, for calculations
pounds, clusters composed of upNe-6 chain periods have devoted to YBaCuzO; and to SpCuO; we adopt
been investigated. For chains with 1.5 holes per chain unit);=1.2 eV, t;;=1.416 eV,t,,=0.6 eV andt);=t;4=1.2
we are restricted to the study of the ca$e-4. Generally, eV,t,,=0.6 eV34 respectively, modifying slightly both pa-
periodic chains(CuQOs3)y of that size differ only slightly rameter set$l) and(ll).

n
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FIG. 3. Hole distribution vs. total hole numbarper chain unit for CyO, clusters with periodic boundary conditions evaluated in
various techniques: ED$&xact diagonalization LA (local ansatz, according to Ref. REHFA (restricted Hartree-Fock approximation,
according to Ref. 28 U4— oo (exclusion of double occupangyand spinless fermion&SLF). Chain copper Cd) (a), apical oxygen @)

(b), and chain oxygen @) (c). The adopted parameter set includes small modifications compared with the plane set | due to slightly
different copper-oxygen distancgsee Ref. 28 and Eq$9) and (10)].

According to theab initio cluster calculations of Mei and the effect of different ionic arrangements because the apical
Stollhoff 3" the present Hamiltonian provides a good startingoxygen site energy is sensitive to Madelung field effétts.
point for the study of the electronic structure of cuprates.

Unfortunately, no explicit mapping of their results on the

extended Hubbard model has been done. Nevertheless, they IV. RESULTS

recommended not to use a set of interaction parameters in
which A4 exceedd 4. In other words, they disregard CT
regimes described by parameter sets such as(kd{sand
favor instead a mixed-valencéMV-) like interaction regime Let us begin with the examination of the doping effect
in the cuprates. In this context it is interesting to compare th€Figs. 3 and 4 In Fig. 3 we compare the hole distribution
charge densities and the spin correlations in CT and M\bbtained within the present exact diagonalizational study
regimes. With this aim we have performed two calculations[EDS) with the results of Oleand Grzelk& obtained by the
for a Cu,O 3 cluster bearing four holes taking the Coulomb restricted Hartree-Fock approximatigHFA) and the local
interaction parameters from s@t) and adoptingA,q=t,q  ansatz(LA) technique. First of all we notice that the general
and A 4=3t,4 as representive cases for MV and CT inter-trend of the charge distribution within all three approaches is
action regimes, respectively. Since Mei and Stollfofm-  similar. As expected the largest quantitative deviations be-
bedded their cluster into a specific ionic environment to neutween them occur for the case of one hole per chain unit. In
tralize the whole system, we have varied algg, to mimic  this case the LA shifts about 20% of the holes fron{Z}uo

A. Comparison of the exact diagonalization
with other approaches
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O(1) sites as compared with our EDS results. The resultsepulsion from a second hole at only one(Quneighbor, in
obtained by the HFA exhibit about 25% deviation from the contrast to a hole at the chain oxygen sitélOwhich has
EDS data. We note that the LA predictions are closer to théwo Cu(1l) neighbors.
HFA results rather than to the exact ones. For large hole The general picture of the charge distribution and its evo-
doping, i.e.,n~2, only minor deviations between the EDS lution with doping obtained for the parameter sets derived
and the LA as well as even the HFA remain. This is notfrom (I) and(ll) is very similar. This is not surprising since
surprising since at=2 a filled band(closed shejlsituation as mentioned in Sec. lll both sets puts the chains into a
is reached. similar CT-parameter regime. They differ somewhat with re-
Since the size effects for the hole densitiesand for the spect to the strength of the electron-electron interactions.
the total energy per sit&,;/N become small for cluster Comparing Figs. 3set |) and 4(set Il) one visualizes that the
sizes greater than four periog¢isee Fig. 3, we believe that hole distribution is not very sensitive to the actual strengths
our EDS results are representative of more extended chainef the on-site interactions. In contrast the change of the in-
too. Therefore we ascribe the main differences between theersite V4 interaction might yield sizable effectsee be-
EDS and the LA results to the approximations involved inlow).
the LA (e.g., to the usual linearization of the exponential Akin to the tendency fon—2 to push holes towards the
function in the ansatz of the ground state wave function conapical oxygens as discussed above, the same physical behav-
taining the variational parametei@nd not to the cluster size. ior can be observed already for a lower but fixed hole
Finally, we compare our EDS results with the predictionscontent. We shall illustrate this for then=1.5 case
of approaches which exclude double occupati(ee, e.g., (YBa,Cus;0;). If the intersite Coulomb interaction
Refs. 63 and 64 We have simulated the double occupationVy,=V?,, is uniformly enhancedsee Fig. §, the hole den-
exclusion (DOE) using large values of 1860U4<500 eV  sity at the apical oxygens increases. Enhancement gf
and taking the limitUy—c from our calculations adopting anisotropic screeniny?, i.e., increase of the Gf)-O(4)
the 1U4 dependence of the charge density. If in addition theCoulomb repulsion at constant intersite Coulomb interaction
limit U, —c is taken also, one arrives at the picture of in chain directionv}, or a decrease df,,, cause the oppo-
interacting spinless fermionSLF's). site behavio(see Figs. 7 and)8The dependence of the hole
For weak hole doping<1, i.e., in the vicinity ofn=1,  djstribution on the other electron-electron interaction param-
the DOE approach reveals an almost perfect descriptionetersu,, U,, andV,,, within generally accepted bounds 7

However, forlarge doping ratiosx=0.15 sizable deviations ey <y < 11 eV, 4 eV<U,< 6 eV, andV,,<1 eV, is
of the order of 10—-20 % occur in comparison with EDS re-re|atively weak(see, e.g., Fig. )9

sults for realistic finiteUy values~10 eV. Within the SLF
the accuracy is somewhat improvéske Fig. 3. In contrast
with the LA and HFA for DOE and SLF approaches even the
general trend of the hole density at (@u sites becomes
wrong forn=1.25. Ongoing froon=1 to n=2 within the For site energy differences,q~tq (i.e. tending towards
EDS, the HFA, and the LA there is an monotonic increase othe MV regimg our EDS-cluster calculations for the aver-
Ncy(1y Wheras EDO and SLF predict a slight monotonic de-2ged charge densities,

crease.

C. Spin-correlation function and comparison of the EDS
with ab initio cluster calculations

The HFA and LA fail in predicting no “quasiplateau” (Ncw =2 (Ncyp)+ Nowa)):
betweenn=1.25 andn=1.5. In general the largest discrep- .
ancies have been found for the @usite followed by the (No,»=35(Nora) +2No(c)), 1D

chain oxygen @) site. . .
va reveal more or less similar results compared with #ie

initio LA cluster calculations of Mei and Stollhdff (for site
B. Charge distribution and doping notation see Fig.)2 The density n0(4)+0(1)enJ shown in the

Let us consider in more detail the doping and the paramlast_ line of Table I is the average value over the chain termi-
eter dependences of the charge distribution. Hole doping uri?ating oxygensé,e’) and all apical oxygens. _
til 0.5 holes/per CuQ unit, i.e., the approximated value ex- N Fig. 10 we show the behavior of the spin-correlation
pected for YBaCus05, leads to a sizable increase mf at function f;; defined in Eq(8) and that of the specific one
both oxygen sites @) and Q1) compared with fjj, introduced by Mei and Stollhoff] as
(Sr,Ca,Cu05 (n=1). However, a further hypothetical in- L
crease of the total hole density almost leads to a saturation at ~ (G|SS||G)
the chain oxygen sites (@) together with a steep increase at ij :m—n 71, (12)
apical oxygen sites @). Naturally, this process is affected !
by the actual value ofA,,. For example, an=2 for  where the indices,j count the sites on the chain axisee
A,,=0 the apical oxygen hole density,,, exceeds the Fig. 2. The diagonal part exceeds the off-diagonal compo-
chain oxygen oneg;) by about 15%see Figs. @) and nents considerably. Since it is inconvenient to show both
3(c)], whereas atA,,=1.4 eV it achieves only 70% of parts within one figure, the diagonal part has been omitted in
Noq) (see Fig. 4 Thus, if the chain is heavily doped with Fig. 10.
holesn—2, the holes should be increasingly located at the For the central oxygefsite (a) in Fig. 2] the spin corre-
apical oxygen sites. The reason for this is the intersite Coutation functionf ; is negative for alj. The nearest-neighbor
lomb repulsionV,4. Indeed, a hole at the @) site feels the (NN) copper-copper spin correlations are negative and usu-
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Hole distribution
in CuOsz chains n=15 Cug0q
1.0 ey 1ok
Cu 40 12 > Neu(r) -
: :
g g 2n0(4)/ No(1)
g Ncu(i) S 05}
Z 05f M
£
“No(a) . '
No(1) 0050 0.5 10 1.5
n0(4) Vpd [eV]
0.%‘0 1..0 2:0
total hole density n FIG. 6. Hole distribution in Cu@chains withn= 1.5 total holes

per chain unit vs oxygen-copper Coulomb interactigyy. For the
FIG. 4. Hole distribution vs total hole number fosth<2. The  apical-chain oxygen site energy differencay,=e,(0(4))

adopted parameter set contains a modification of the&lbetvith —&p(0(1))=2 eV has been adopted. The remaining parameters are
respect to different oxygen site energied,,=e,(0(4)) taken from setfll) except slight modifications of the transfer inte-
—£p(0(1))=1.4 eV andA ,4=¢,(0(1))—4=3.6 eV. gralstpy=1.42 eV,t};=1.2 eV andt,,=0.6 eV.

; DS results reveal sizablyweakervalues of about 50% .
ally stronger than the NN copper-oxygen ones. There is on _ . .
y g i Y9 owever, in our opinion, the stated lack of difference be-

exception found in our EDS for the inner coppsite (b) in : :
Fig. 1] for 'fb-. The usual spin correlation functiofy; tween oxygen and copper cqrrelau%should b.e ascnbeq
[ Eq.(8)] doesJ ot show such behavior '] to a large extent to the specific form of the spin-correlation
' } , ) ' ~ function given by Eq.12). In fact, the small oxygen hole

For the S'te@ a S'Z"’.‘ble left-right asymmet_ry df_bJ can  densitiesn; (see Table)lintroduced in its denominator com-
be seen at variance with a weak one, only, in Fi) ®f  areq with the spin-correlation function defined by E8).
Ref. 37. For next-nearest copper neighb@NNN) they  o,se the stated equivalency. The behavior of the spin-
change to positive signs. Notable differences between OUtqreation functions in the CT regime is similar, apart from
EDS and Ref. 37 occur for the oxygen-oxygen spin correlag,me quantitative increasveakening, for copper-(oxy-
tions f;;. For the reference poinfc) both of the NN and gen centered function¢ésee Fig. 10
NNN oxygen-oxygen spin correlations are weak and nega- |n any case, the large charge gap~ 2.1 eV, the appli-
tive in contrast to Ref. 37, where the NNN becomes ferroapjlity of the antiferromagnetic spin-1/2 Heisenberg picture
magnetic. for the spin degrees of freedom, and the value of the corre-
_ In general, copper-copper spin correlatiofuefined by  sponding exchange integral,~ 140 — 190 meVP*®j.e.,
fi;) evaluated within the LA technique and our EDS showcomparable with that of layered cuprates, exclude at least for
minor quantitative differences, whereas the NN oxygen-Sr,CuO, a mixed-valency parameter regirife.
oxygen and NN copper-oxygen correlations according to our

15
Ncu(n) i
.~ 06} 1 =
2 (CuO3)y |5 2 10
>} = [}
E 7 p
g 04r S~ s
o >~ 1.3 0.5
. .
< No(1) I
n0(4) B—a —8— 85 8 0.0
0.0 e — : :
0O 1 2 3 4 5 6 App [eV]

chain length N
FIG. 7. The same as in Fig. 6 vs apical-chain oxygen site energy
FIG. 5. Cluster size effect of the hole distributions for one holedifference A, ,=¢,(0(4))—&,(0O(1)). For the remaining param-
per CuQ; unit. The parameter set is the same as in Fig. 4. eters see Fig. 6 and sét).
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FIG. 8. The same as in Fig. 6 vs the apical-chain oxygen trans-
fer integralt,, .

D. YBa,Cu30,_ s family and comparison
with O 1s XAS data

Interpreting the O & x-ray absorption spectroscopy
(XAS) data, we consider the so-called prepeak contribution
at energies below the transition into the upper Hubbard band
at=<530 eV for the electrical fiel@ directed| to the axes,

b, ¢ (see Figs. 6 and 9 of Ref. 1. Two edges for transitions FIG. 10. Off-site spin-correlation functiorfdl, according to
polanzgd ina andc directions at 528.2 eV and at _527.2 ev, Eq. (8); *, Eq. (12)] for an open CyO, cluster bearing four holes
re_:spect_wely, have been observed. They are ascrlbeq to tragn Apg=tog=12 eV, A, =2 eV. For the remaining parameters
sitions into the Py states of the plane oxygen(® and into  gee texfset(11)]. The reference points are denoted by arrows: the
the 2, states of the aelcal Oxggen(Q, respectively. The  central chain oxygen sit@), the inner copper sitéh), the noncen-
difference spectrum ‘E||b)—(E|la)” shows an edge at tral inner chain oxygeric), the outer copper sitéd), and the chain
527.6 eV. Neglecting orthorhombic effects, i.e., the slightend oxygen sitete,e’), (see Fig. 2 For comparison we also depict
nonequivalence of planar(@ and Q@3) sites, the difference the ordinary spin-spin correlation functionl(and dotted ling The
spectrum is ascribed to (D) 2p, states: Within the same ~same functions fol,4=3t,4=3.6 eV are denoted by dashed and
approximation the integrated cross section of the transitioflash-dotted lines, respectively.

polarizedEHa direction ¢, measures the oxygen partial den-
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sity of holes doped into the plangg, 3. Let us start with _ (1-v)éa ~EL1+ (v vy)(1—2£))]
the consideration of the orthorhombic-I phase. The total 1—vy+2&(vy—vy) 2 2 1 b
number of holes per Cupunit considered in Sec. I}, then (13
reads where the product;y,i =1,2, reveals the doped hole density
at theith Cu site (v, is typically ~ 0.15 — 0.2. The “chain-
n =15 C O plane site” difference is usually rather small:
: UsU12 |v,— v1|~0.05. Thus, the uncertainty due to slightly differ-
g 10r
§> Nou(t) TABLE I. Comparison of the averaged hole densitjes) ob-
z W tained within the EDS and within the local ansatz approximation by
o 2n0(4)/n0(1) Mei and Stollhoff(Ref. 37 _for open qum_clusters bear_ing four _
o holes. In the EDS calculations different apical oxygen site energies
E 0.5F Aﬁp (see textand fixed chain oxygen copper site energy difference
No(t) Apg=tpq=1.2 eV have been adopted. For the remaining parameters
G&é‘e\e\a\e\&\ﬁ see setll).
No(4)
meeEee—w o o (n;) Local ansatz EDS EDS EDS
O'%.O 0.1 0.2 0.3 App=2eV Aj=1leV A,,=0
1/Uq eV (ncy 0.43 0.395 0.441 0.499
<no(1)int> 0.38 0.287 0.276 0.258

FIG. 9. The same as in Fig. 6 vs the copper on-site Coulom6n0(4)+0(l)end> 0.06 0.072 0.094 0.122

interactionUy .
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field potential(difference acting at the nucleous positions

n =15 andj. It can be taken directly from the XAS data. The sec-
CU4O12 : ond term accounts for the non-negligible spatial extent of the
1.0F Neu() oxygen 2 Wannier functions. To firs{crude approxima-

tion it can be written as the energy difference of two point
charges 0.8 residing at the centers of gravity of each of the
two 2p,, lobes, that is, at positions shifted by 0.2 A (for

the estimate of, see, e.g., Ref. 65n directionsa, 8 away
from the corresponding nucleous position. The coefficients
of this Taylor expansion are given by the corresponding
components of the electrical field gradient tendeFG).

n . . . .
M In the hole representation the apical-chain oxygen site en-

ool . . ' . ergy differenceA} =A,; reads

0 1 2 3 4 5

Apa [eV] A =AVS = 2VE + AV, —AS (15)

2no(a)/ Nogy)

hole density n;

o
(&
.

No(1)

o _ _ and the corresponding differences between the site energies
FIG. 11. The same as in Fig. 6 vs the site energy difference obf the apical oxygen @), the chain oxygen @), and the

chain oxygen and coppé,4. in-plane oxygen @) read, respectively,

ent v, values is much smaller than the experimental error A42_Aa =4V 40— 2Vpa,cht 4Vpp— A%, (16
bars for £,=0.2+0.02. With these numbers one arrives at o= Vo

y=0.2+0.026.

AL =AY, =4V V%d,ch)+8(Vglp—V;T))_A§|2

Notice that the weak feature a=0.85 shown in Fig. 10 pd.pl
of Ref. 1 can be understood as the contribution from
(Cu,05) ~8 clusters. Small chargéholes reside on the api-

y =
cal oxygens whereas each of the terminating copper ions Adopting Vp,=0.5Vq and Vﬂd Vpa=1to 1.2 eV one
bears large charges 6f1.99. obtains from Eqs(14) and(15) A, —3 t0 3.6—-1.54 e\=2.5

The experimental ratio of holes at both apical oxygent©® 3 €V, where the XAS value 01 =0.4 eV and the EFG

sites relative to the chain oxygen sites amounts to aboualues = of Vi'=1.16x10% V/m VYY=1.73x10?

2oy /No(1)=0.76=0.12 [XAS and electron energy loss V/m andI—O 2 A have been used This estimate of

spectroscopyfEELS), Ref. 1] and 0.93 derived from NMR A p IS in reasonable agreement with the value of 1.5 to 2.5

data. For a reasonable intersite Coulomb interaction a S|zabke\/ obtained above. For the difference\}, we

enhancement of the apical oxygen site energy by 1.5 to 2.Bstimate, from Eq(16), 3 to 3.6-1+0.22=2.22 t0 2.82 eV,

eV is required to reproduce the experimental date Fig. whereV3*=1.05x10°2 V/m? has been used. Then the en-

7). Due to the enhanced site energies at terminating apic@rgy & ,,exbecomes

oxygeng near Q1) vacancie§ the lower half of this interval

should be regarded as more realistic for ideal chains gapeszBd ot A22~5 to 6 eV, (18)

(6=0). Finally, we note that our assumption of lardg ’

values~3 to 4 eV, clearly beyond the mixed-valency regime which is of fundamental interest for the parameter values of

Apgstpq, found previously valid for SYCuO; (Ref. 39 generalized-J models or even for the stability problem of

must be fulfilled for CuQ chains in YBgCu30-, too, in  the Zhang-Rice singlét of the CuQ, planes. Thus for

order to reproduce the XAS-derived hole densitisge YBa,Cu3O; the value ofegnex COMes out very large. In

Fig. 11. other words, there is practically no destabilization effect
To check the reliability of the extracted oxygen site en-caused by the apical oxygen in accord with the high critical

ergy differences, let us consider the experimentalsbihd-  temperature. In this case the standard three-tigmanodel

ing energy difference$§' The differences of oxygen site and its reduction to the one-banel model reveal a suffi-

energies (in electron representatipnof 2p, states, ciently accurate low-energy description of the Cuflane.

a=X,Y,z, entering the plane and chaip models are related We note that the value @, derived from the simulation

an

to these quantities by of the charge transfer and the oxygen ordering by Aligia and
Garce®™ is about 2/,4 with the constraint 0.7
AP 5=55p (|)—g§'pﬁ(j)=A§"”JrA\‘j\',iyj <2Vpg<2.Btpq. In particular, in Ref 7 a value of

App,=2.4 eV has been adopted. This is in qualitative agree-
ol 12(\/ae_ /BB ment with our results based on the simulation of the XAS
”‘915(')_‘915(1)Jr POV =ViP), (14 data of Ref. 1. The relative positions of thé1D 2p, states
and the planar 2, , states which is of interest for the chain-
where the indices,j =1,2,3,4 have been taken in accordanceplane charge transfer depends sensitively on the difference of
with the notation of the oxygen sites. We recall that2,3  Vpa,pi— Vpd,ch- A conceivable small difference of 0.1 eV, for
stands for the planar oxygeriss 1 for the chain oxygen, and example caused by the puckering of the Gu@anes, re-
i =4 for the apical oxygens. The first term on the right- handvealsAe!,~0 compared with 0.78 eV obtained for coincid-
side (RHS) of Eq. (14) describes approximately the crystal ing V,4's.
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E. Some remarks on chain aspects For completeness, we note that according to Figa) 3
of the PrBa,Cu3;0 problem and 4 up to~ 0.1 holes can be shifted to the @Qu 3

The ionic radius analysis of various bond lengths in thedz2-y? States ongom? fr§|m=1.t5 tfor:]=|2. Thh?tsa\'\t”thm th('js
1-2-3 structure by Guillaumet al®! suggests in linear ex- scenario, a non-negligible part of holes shifted td2pan

trapolation a mixed valency of Pr ne&t3.5, which is ex- Cu(1) states could not be detected by the ©4AS mea-

pected to be further reduced due to nonlinearities. The bon urements on principle. However, the latter possibility is un-

) ikely with respect to the mentioned Ci) NQR data®®
valence analysis by Ramesh and Héjdeveals+3.39..Thle According to the reflectivity data of Takenakaal®® ap-
stability of the ortho-II structure foR=Pr compared with its

) . proximately the same effective char@gbout 0.5 electrons
absence for the nelgh-borlng rare gartrR=Nd reside in the Cu@ chains of YBaCwO, and of
(Tpr(+3)>Nd(+3)> Tpr+4)) POINts also to a mixed valency prga,Cu,0, as well. Just this resultogether with other ex-
state of Pr in between 3 and 4. From the persistence of thﬁerimental data suggesting a Pr valency close 3 was the
antiferromagnetic state of the G subsystem and the mag- starting point for the construction of the Prf-©2p
nitude of the corresponding MeTemperaturdy~300 Kin  z-hybridization model by Fehrenbacher and Ritén sub-
PrBa,Cu3O¢ we estimated above the Pr valency to be lesssequent papers by FehrenbaChend Aligia et al.” the t-J
than 3.18° Thus, the problem remains to elucidate wheremodel has been adopted to describe quantitatively the optical
the missing holegat least~0.16 per Cu@ plang reside conductivity of CuQ, chains of both compounds in the low-
now. frequency regionv<1 to 1.4 eV. From thé-sum rule of the

Let us discuss some related aspects for various$-J model they gehgs=2—n=0.43 to 0.45 andex= 0.4 eV
PrBa,Cu;0- scenarios “explaining” its loss of supercon- for YBa,Cu;O; (Ref. 6 compared WithnZ{fz 0.451, ngﬁ
ductivity and metallicity by additional charge transfer to the =0.5 andt.;=0.85 eV obtained in Ref. 7 from the mapping
chains on the basis of our results obtained above. of o(w) of the four-banddp model[open(CuO,) 4,03 clus-

Within the hole doping chain scenario proposed byter] on the conductivity of a chain with four sites and open
Khomski?* all o-plane holes are pushed to the chain. In thisboundary conditions bearing noninteracting spinless
case most of them should be located at the apical oxygefgrmions’® However, according to our results presented in
sites[see Figs. @) and 4. In principle, this should be de- Sec. IV A the DOE approximation for thed3Cu orbital (or
tected by a sizable increase of the integrated cross sectioR§Y other effective orbital in corresponding reduced madels
& of the O 1s XAS absorption spectra Wit§||c compared works \{vell for I_|ght dopln_g onlysee Fig. 3 Since th_e _DOE

. ] L approximation is the basis of thel models, uncertainties up
with the “difference spectrum” measured fét|b and that g5 250 might occur for the cage=2.72 In this context we
for E||a which is dominated by the transitions into the,2  note that serious difficulties in extracting quantitative infor-
states of the chain oxygen(D. However, within an ex- mation from the application of sum rules of reduced Hamil-
tended model which takes into account further electronic detonians have been stressed in Ref. 72.
grees of freedom as the planar (@)Bd,z states having siz-
able overlap with the apical oxygem2statest?4~0.5 eV
part of the additionally doped holes might be shifted back to
the planes, but now into nom-states. The @) 2p,-Cu(2)
3d,2 hybridization is effective only if the apical oxygen site  The elucidation of the nature of the ground state of the
energy e, =£apex i reduced towards the corresponding CuO; chains in differently doped states is a very intriguing

; - ; but subtle issue, with respect to the interpretation of recent
Cu(2) site ener lying about 1 eV above the site ener- . P - ;
2) 9¥3a; ¥ING experimental data listed in Sec. | and below as well as with

gies of the C(@) 3d,>_,2 states. The corresponding differ- respect to some general problems in cuprate physics as well.
ence amounts about 4 to 5 eV according to our analysis fof, this connection we remind the reader that the model
YBa,Cuz0; presented in the previous section. In this con-pag ng electron-hole symmetry. This is important for the ex-
text some hole d(_aplenon by_ the nontrivalent Pr and, MOr&anation of the well-known asymmetry of the phase dia-
importantly, lowering ofe, might be helpful or even neces- gram of layered cuprates with respect to hole and electron
sary for the supposed additional plane-chain charge transfeloping. Is there an analogous effect in one dimengid)?
itself. According to Fig7 a corresponding decrease/gf,is ~ What is the nature of the superconducting state observed in
accompanied by a reduction of the hole densigy,) at the  CuOj; chains at a doping level exceeding almost twice the
O(1) 2p, states. In other words, then, the characteristicupper critical doping ratio in Cu@planes, etc.?

strongy z asymmetry of the hole distribution surrounding the  Strictly speaking, in one dimension there are no ordered
Cu(1) site of regularR-1-2-3 superconductors is reduced. states. However, several phases such as charge-density-wave
This might be of interest for the interpretation of recent(CDW) states have large correlation lengths and for many
nuclear quadrupole resonance(NQR) data of practical purposes they behave as having long-range ordered
PrBa,Cus0, and GdBaCus;0, by Nehrkeet al. ® where  states on finite systems. In some cases 3D ordering for mac-
some reduction of the QL) EFG anisotropy pa- roscopic systems at finite temperature is established due to
rameter n=(|V*-VYY)/|V* from 0.8-0.15 to 1 the weak interchain coupling always present in real solids.
(GdBa,Cu30;) and a nearly constant main EFG tensor The usual way to look, e.g., for superstructures consists in
component for both compounds have been repoitiddre  the computation of Fourier tranforms of the corresponding
we have assumed that the latter is given in both cases by trmrrelation functionsS,(q), where u specifies the ordered
V** component as suggested by local symmgtry. state(e.g., spin-spin, etg. Then, from a clear maximum or a

F. Possible long-range-ordered states
of CuO; chain compounds
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cusp at finite chain lengths, regarded as a precursor of and a smaller K- one: 0.1276, which should be compared
divergency in the infinitelcoupled chain limit, the period with similar numbers 0.2471 and 0.125 obtained in Ref. 80
and the nature of the ground state can be ded(see, e.g., for the quarter-filled periodic Hubbard rings with 32 sites in
Ref. 7§. Another approach is based on the analysis of thehe strongly correlated limit)/t—o. However, in the case
slowest decay of various correlations against distance. Agf hole doping, i.e., fon=1.5, the X:(q= 7/2b) contribu-
first glance, it might seem that the 1D character of the modej;;, S /2b) =0.2062 remains yet slightly smaller than the

under consideration and the relatively large number of site . ; P
N~16 to 24 involved in our EDS provide a safe basis toikF one: 0.2431. The reason for this unexpected beha_wor is
unclear at present. The results for=0.5 andn=1 are in

E::fg:‘rzhcac;;risnpi?sr/lz IQ?\ijt,uizles?i.||ngv§xqe;|’| igeeilrz\é?r:gl?_umdualitative accord with the results of the TE}-model in the

able information about the long-range-ordered states e;imit t/J<2. In fact, the simulation of the exchange integral

pected. At most some hints for possible long-range-ordered nd the charge gap for SCuO; within the simple one-
phases can be obtained. band Hubbard model yieldd/t~9 andt~0.34 eV. Hence,

As an example we shall consider the magnetic or spin?/t~0.5 can be estimated. In sharp contrast, rfier1.5 an
structure factoiS2(q), as usual defined by unexpectedly large ratio 2J/t< 2.5 should be adopted
comparing our results with the Monte Carlo calculations of
sy 1 S gl -i) G| the 1Dt-J model by Assad and Wtz* (performed for 32
Sia)=Rr2 €*TI(GISS]6), 19 and 24 sitesto get 1.5(w/2b)~S(w/b). Possibly, a
' generalized asymmetrit—t"-J—V model like in Ref. 85
for the case:=0.5,n=1, andn=1.5. The latter two hole 5\ides a better description of hole doped Guehains.
concentrations are of interest for &uO; and Although our result might be strongly affected by the the
YZBaZZCU3O7’ respectively, as discussed abov_e. In E), . small ring size leading to a smearing of the leadingkg2
Si,S; denote thez components of the total spin of the unit ingjarity, " it nevertheless reflects a remarkable magnetic
cellsi,j, respectively. In small systerrls as are con&dere%_h asymmetry resembling the well-known asymmetric
here, only a limited set of wave vectogshas significance. phase diagram for doped layered cuprates. To summarize, for
Using Eg. (8), we evaluatedS;(0), S;(m/2b), and electron-doped quarter-filled 1D cupratesks BDW can be
S;(m/b) for N;=4 and the parameter set explained in Fig.expected, whereas the magnetic structure of long quarter-
4. In the case n=1 we obtained a dominant fjlled hole-doped Cu@ chains remains unclear.
2kg=r/b-contribution as expected: Similar problems arise at=1.5 for the charge structure
. , - factor S,(q) defined analogously to Eq19) replacing the
S;10)=0.0<S; (w/20)=0.1635¢ S, w/b) = 0.5364, spin opperatorsS,Z by the charge density operatons. No
which is regarded as the precursor of ke2spin-density- definite conclusions with respect to a solely electronically
wave (SDW) phase detected in recent neutron scatteringlriven CDW or(superconductingstate can be drawn for a
studies of SyCuO; below 5.4 K’° Naturally, due to the weak short-ranged intersite Coulomb interactigy~ 1 eVv.
smaller cluster size, the value &*(/b) is smaller than All these problems can be settled in principle, at least par-
Si(m/b)~1.23 found by Ogata and Shiba in the relatedtially, using other many-body techniques such as quantum
Heisenberg casé6 site$ (Ref. 80 and the diverging infi- Monte Carlo or the density renormalization group method

nite chain approximations (see, e.g., Refs. 86 and )81
- _ Another possibility to circumvent these difficulties is to
N“m Si(q)—~0.232I{[ 1+ sin(g/2b) ]/cogq/2b)}, map the present four-band extended Hubbard model onto a

reduced Hamiltonian for which larger chains can be diago-
(20) , : e
nalized and/or its long-range behavior is already known.
or similarly [see Ref. 8128 sites and references therdin Within such an approach we have shown that the present
Hamiltonian with nearly standard Cuy&plane-derived pa-
v (q)=—0.25I1—q/wh). (21)  rameters can be mapped approximately onto an antiferro-
magnetic spin-1/2 Heisenberg motfelpredicting correctly
Naturally, our value o524 7r/b) does not exceed the cor- the value of the exchange integthl, for Sr,CuOs), a one-
responding Heisenberg model value for four spins:and onto a two-band extended Hubbard modelnferl and
Si{(m/b)=2/3. Our four-band value o8;’(7/b) nearly co-  analogously also fon=1.5.%’
incides with the corresponding values 0.8 quoted by Acting along these lines, we do not try to solve the ground
Meinders for an eight-site periodic ring of the one-band ex-state problem of Cu@ chains; instead, analyzing available
tended Hubbard modelU/t=10, V/t<1) (Ref. 82 and experimental data, we want only to restrict the possible pa-
with ~ 0.72 — 0.74 for a hexagon and an octagon, respecameter space, leaving its final solution for future work. Con-
tively, treated within the simple one-band Hubbard model aterning YBa,Cu30-, we recall that due to the direct contact
U/t=10 (see Callawayet al®¥). The S?(w/2b) value is between chains and planes this problem is further compli-
larger (smalley than the corresponding long-chain Heisen-cated since any phase transition in one subsystem changing
berg quantities=0.165, 0.2045, and 0.1733 given in Ref. 80 the common chemical potential might cause additional
and following from Eqs(20) and (21), respectively. charge transfer to the other one. Hence, strictly speaking,
For electron dopingh=0.5 we obtained, again as ex- even the band filling of one isolated chain is not well de-
pected, a dominantk? contribution S*3q= w/2b)=0.1756 fined.
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Returning to the CDW problem, we note that, more im-any CDW-BOW state sincé) these measurements yield a
portantly, the electron-lattice interaction ignored in thesite specific hole content averaged over the whole crystal,
present paper can seriously affect the charge or bond ordeire., averaged also over the superstructure period(ianithe
ing of the ground state. Adopting the adiabatic approxima+sedistribution of charge between copper and oxygen sites af-
tion, we obtained by self-consistent calculations in somder the onset of the CDW-BOW state has been found to be
cases strong amplification okg CDW correlations leading small for all considered self-consistent solutions. Roughly it
to ordered states, at least in finite clusters. In other cases tti@ one order of magnitude smaller than the CDW amplitude
former were suppressed in favor okgRordered states. In itself, i.e., yet within the experimental error bars.
particular, forn=1 we obtained within our single-chain ap-  Finally, we believe that the error induced by the assump-
proach some hints for a weak spin-Peierls state with a dimeition that the calculated oxygen hole densities are essentially
ization amplitudeuy~ 102 -10"% A (see also the discus- related to mobile holes only is of the same order of magni-
sion of experimental data given belpvithin the present tude. This is based on the experimental observation that no
four-bandd p model, such a state is characterized by a Cu-Cwpper Hubbard band contribution has been observed for
bond order wavéBOW) accompanied by a very weak CDW strongly doped chains. In addition recent calculation of Es-
on the chain oxygen @) sites, i.e., a R mixed CDW- kes and Ole¥ and Ref. 72 give further support for such a
BOW state. Fom=1.5 and parameters in the strongly cor- point of view. For example, in Ref. 91 it was shown for the
related regime as adopted here, we have foun#damixed  case of the one-dimensional simple Hubbard model that the
CDW-BOW state, quite similar to thekg CDW-BOW state  Upper Hubbard band loses its weight rapidly with increasing
obtained within the one-particle approach at half-fillifg*  doping content. Thus, for a doping ratio 6f0.5 its contri-
This CDW-BOW state is characterized by the alternation ofoution to the integrated conductivity and some one-particle
two shortened and two enlarged Cu-O bonds in the chaigPectra is smaller than 5% of the total weight.
direction. The CDW yields differently charged Cu,@adi-

cals [involving the two apical oxygens @)] and equally V. SUMMARY
charged chain oxygens(0D. Depending on the sign of the
diagonal electron-lattice interaction, the transvers@)O The four-band dp model with minor changes in

Cu(1)-O(4) bonds are shortened and enlargeite versa, CuO,-plane-derived parameter sets yields a reasonable de-
too. In contrast, a mixedkz CDW-BOW state, where all scription of available experimental data for a variety of com-
bonds and local charges are affected by the superstructup®unds containing Cu@chains with different filling ratios.
formation, can be obtained for a weakly to medium corre-This enabled us to analyze critically various approaches
lated parameter regime and strong electron-lattice interado materials of current interest such &Sr,C3,CuO;,
tions derived from a linear combination of atomic orbitals YBa,CuO;0,_s, 6~0,0.5, and PrBgCu;0-. In addition,
(LCAO) deformation study of YBaCuz0-® In principle, at least for the YBCO systems within intact chains, sizably
such a situation cannot be excluded for a highly doped chaienhanced apical oxygen site energies compared with the
in the vicinity of the metallic planes of YB&Zu;O; where  chain oxygen ones are nessecary to describe details of the
their screening might reduce the strong on-site interactionbole distributions between them. Detailed predictions of the
generic for undoped $€CuO;. hole distributions among copper and oxygen sites within
Experimentally, the situation for YB&u3O- is yet quite  these chains are made provided a substantial hole- or
controversial and unclear. While recent surface-sensitivélectron-doped chain mechanism is involved in the destruc-
scanning tunneling microscopySTM) data by Edwards tion of superconductivity and metallicity in PrB&uzO;.
et al® have been interpreted in terms of a CDW or SDW The large concentration of doped mobile holes realized in
with a period of(3.3=0.3)b, no CDW could be detected typical CuO;-chains of theRBa,Cu;0_ s family compared
within a special x-ray scattering seafhEvidence for one- with layered cuprates causes a unique situation where well-
dimensional chain related fluctuations, i.e., to a dynamicaknown theoretical approaches starting either from the quasi-
CDW or BOW with a period of~ 4.28b, i.e., near ak particle picture within a self-consistent field description or
structure, has been deduced from inelastic neutron scatteririgpm highly correlated states excluding double occupancy
data by Mooket al® Similarly, a near B CDW or SDW has lead to sizable and comparable deviations of the order 10 —
been deduced also from Doppler-broadened positron annin20 % compared with our EDS local charge densities: nega-
lation radiation(DBAR) spectral data by Huanet al. * The tive for the Cy1) site and positive for both oxygengD and
possible absence of a spin-Peierls phase for undope@(4). Within the charge transfer limithg>A >tyq for 1
SrL,CuO; Ref. 27 might be related to significant interchain <n=<1.5 holes per chain period, relevant f@a,Sy,CuC;
exchange(in a direction stabilizing the Nal state below and its doped derivatives, a sizable difference of our exact
Ty~ 4 — 6 K(compare Refs. 89 and 90 for general theoreti-diagonalization results compared with the predictions of the
cal aspects local ansatz and the Hartree-Fock approximation has been
At this stage we shall stop the discussion of possible longfound. For sizable hole doping or a mixed valency parameter
range-ordered states of Cy@hains since it is not the cen- regime and even for half-fillingr=1 only minor deviations
tral scope of the present paper. For more detailed informaeccur. For realistic, slightly modified Cugplane-derived
tion, the interested reader is referred to our published papegarameter sets, approaches which make use of the exclusion
mentioned above and to forthcoming work in preparafion. of double occupancy becomes less accurate with increasing
We stress that the main conclusions based on the KAS-  doping content.
derived oxygen hole distribution and the related parameter The magnetic structure factd:7q) exhibits for one-
set are only slightly affected by the presence or absence afuarter-filled(mobile) electron- and hole-doped chains a re-
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markable asymmetry with respect to the weightslat and  model Hamiltonian to describe the above mentioned experi-
4ke . The experimental investigation of electron-dopedmental data will be addressed in a forthcoming paper.

CuO; chains, not reported so far to our knowledge, would be
of considerable interest.
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