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We have compared the ground-state energy of several observed or propog2st 222 oxygen ordered
superstructures’“herringbone” structuregHS'’s)], with those of “chain superstructureg’CS’s) (in which
the O atoms of the basal plane are ordered in chafos different compositionx in YBa,Cu3Og, . The
model Hamiltonian containé) the Madelung energyji) a term linear in the difference between Cu and O
hole occupancies which controls charge transfer, @nhdcovalency effects based on known results tial
models in one and two dimensions. The optimum distribution of charge is determined, minimizing the total
energy, and depends on two parameters which are determined from known resultslfandx=0.5. We
obtain that on the O lean side, only CS’s are stable, whilexfo/8, a HS with regularly spaced O vacancies
added to thex=1 structure is more stable than the corresponding CS for the sa¥e find that the detailed
positions of the atoms in the structure and long-range Coulomb interactions are crucial for the electronic
structure, the mechanism of charge transfer, the stability of the different phases, and the possibility of phase
separation[S0163-182608)02501-9

[. INTRODUCTION chaing. This mechanism not only provides the holes for su-
perconductivity of the chain superstructuf€S’s), but also
The ordering of oxygen atoms in the basal plane ofreduces their energ’?‘. For x~0.5, annealing at room tem-
YBa,Cu30¢. 4, and its relation with electronic properties, perature produces an increaseTgfdue to an increase in the
particularly the superconducting critical temperatlige has ~ amount of twofold-coordinated Cu ion&:*® _
been a subject of great interest. Overviews are contained in /N spite of this qualitative understanding of the relation
Ref. 1. For the sake of brevity, we denote the superstructurdd€tween O ordering and charge transfer, and the success of

of uni cel mulipe of 2(2212 a5 HSs(or “erting-  LCGa8 models 1 explaning the basi eauyes of he
bolne structures, although this name is strictly valid for temperatures™1%2? a fully self-consistent theory of the

—2 only). By the_ en_d of t_he last decade, fqrnear 0.5 atomic and electronic structure of YRBau;Og_ 4 is still lack-
ewdencg of ordering in CDa'”S was found, while fonear 0 ing, and several controversial issues remain. Schlegat.

or 1, HS's were reportc_e%j', the charge distribution in super- gpq\yeq that it is necessary to add electronic degrees of free-
conducting plané@and in the Cu ions of the basal plaﬁé:% dom to lattice-gas models in order to explain the observed
was determined, and an explanation of these experiments,/ 5, wherep is the O chemical potentidf. The strong-
was presented using a lattice-gas model based on Coulomyupling approaches to the electronic structure are able to
repulsions, and the appropriate extension to this system qfeat adequately the on-site Cu Coulomb repulsignand to

the three-band Hubbard modet,,.** OpticaP*?and nuclear  explain the observed dependences of the hole count in the
quadrupole resonant®® (NQR) experiments give strong planesn,; (from whichT, can be inferre?f), and the amount
evidence that twofold-coordinated Cu atoms are in an oxidaof Cu™.1?224-26 However, these agreements are obtained
tion state Cu', while threefold and fourfold-coordinated Cu within a region of parameters of the model, which is not
atoms are C&". Qualitatively, this fact is easy to understand fully justified, and Coulomb repulsions beyond2 A are

in terms ofH3y, :** The energy necessary to addidole to  neglected. On the other handb initio calculations, as a

an n-fold-coordinated CU (surrounded byn O?~ ions) is  consequence of the large value 0f; and the neglect of
€cy—2nU,q, whereUq is the Cu-O hole-hole repulsion. correlations, fail to describe the semiconducting phéthey
Provided that the hole Fermi energy of the superconductingredict a metal and the neglected correlation energies are
CuO; planes lies betweeac,—4U 4 andec,—6U 4, only  much larger than the lattice-gas model parameters which de-
twofold-coordinated Cu atoms remain Cuand the remain- termine the structuré.

ing holes go to the Cu@ planes(and to O atoms of the A controversial issue is the stability of HS’s. While it is
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with enough precision. For large but reasonaldlg, the

X X X X X .
° /N ground state of the structural model is a CS for any O con-
X X X X X X X X X X X X X_X 132
. /e \ tentx.”™
x=1/g TN TN TN XX ORI A Because of the very low or vanishing density of carriers,
XTETRTARIRTREREAR=X « e the Madelung energy is a fundamental ingredient in the
X X X X X X X X X X X XX X physics of YBaCuOg. (Refs. 35—3Band othet® high-T,
systems. In YBgCu;Og, ., O-O repulsions at distances of at
X X X X®X least 8 A are r;ecessary to explain observed split diffuse dif-
XX X X X X X X X % x N« fraction peaks® and O-O repulsions at distance27 A are
A A A 3N required to stabilize several of the observed G3lso, the
BB AT TN o X & model of Ref. 11, based on Coulomb repulsions, seems to be
XTI x XX XX able to explain qualitatively the experimental data gathered
N/ . ; I
X X X X X X X X X X X X xXex on YBaCu;Og. «,~ including the structure transformation ki-
netics if supplemented by long-range elastic enertfietere
X X X Xex we general_lze previous Wo_rks considering the Madelung en-
v ergy, allowing for the possibility of charge transfer and find-
X X X X X X X X X XX X X X . .
° . . ° . ing the optimum distribution of charges by minimization of
=12 TN e e oS0 X s the total energy. Effects of covalency are also included. Ne-
RN A X X Xex X glecting the latter, our approach is equivalent to the exact
X X X X X X X X X X X X Xex solution, in the limit of zero hopping and infinite on-site
Coulomb repulsions, of the appropriate model of the Hub-
% bard type for the system. The effect of correlations, essential
e s /\e o for Cu-O charge transféf is adequately retained. The main
PSR S S T < S I A AN shortcomings of the approach are the neglect of core-core
=M ST e s e repulsive energywhich amounts to 10% of the Madelung
e SN energy and stabilizes the latticend screening effects.
X X X X X X X X X x X X X X The theoretical treatment is presented in Sec. Il. Section

Il contains the results and Sec. IV is a discussion.
FIG. 1. Oxygen-ordered superstructures of the basal plane con-

sidered in this work, for different oxygen contentsLeft: CS, of

unit cell 1Xn. Right: HS, of unit cell 22X 2/2. Crosses denote Il. MODEL
Cu(1) atoms and solid circles represent4Datoms in the notation The ground-state energy of the system per Y atom is de-
of Refs. 43 and 44. scribed as

E:EMad+ EA+2Ep|+ Ech' (1)

clear that at room temperatures, the CS’s disappear in the
semiconducting regiof?, the experimental and theoretical Emag iS the Madelung energy as a function of Cu and O
situation does not at present disclose unambiguously the ngharges.E, is the energy required by the charge-transfer
ture of the ground state. The HS’s observed by transmissioprocess Ci + O~ — Cu?* + 02~ in the absence of
electron microscopy;” were proposed to be metastable. interatomic repulsionsk, describes the kinetic and mag-
Synchrotron radiation studies far-0.2 provided strong evi- netic energy gain due to covalency in the superconducting
dence of the presence of0.2% of a parasitic phase cy0, planestassumed equal for both planes of the unit)cell
BaCw0,,*" which is able to explain the x-ray-diffraction pat- andE., is the corresponding term for the Cy@, subsystem
tern observed forx~3/8, ascribed previously to O containing the basal plane.

ordering?® This pattern is also fully compatible with the su-  The Madelung energy can be writterfas

perstructure of minimum Coulomb repulsion between

equally charged O atoms, among all those with unit cell _& _

2\2x2\2 (Ref. 28 (see Fig. 1L On the other hand, EMad_ZNEi BiZi, ﬂi_e; 2y, @

neutron-scattering experiments for-3/8,%° which are more wheree is the elementary charghl the number of Y atoms
?)uitable to Sttl."d%f) o order]ing dule to tf}e_ cocha;atively Ifarge{n the supercellZ; the charge of t’he'ath atom in the super-
cross section; are so far only explained in terms of an . : ; - ;
O-ordered superstricture of i coll 4,2 5520n he o 07 e Slectosiatc potental at e posiion of i
theoretical side, there is no general physical argument frOr@oefﬁ.cientSa-- can be shifted by anlarbi'trary constant. We
which one can discard or confirm HS'$)**%%except under |- " -0 T T thag =0 for all i. Then for
too restrictive hypothesi$,as we will show in Sec. IIl. The i y '
model which obtained these superstructtirdsis based on ]
Coulomb repulsions between any two O ions, with metallic 1 1 1
and dielectric screening and a parameiét, which favors ij ZM)T,OJFTZ;O lir—rio lit—Tliol )
CS'’s, to take into account the relation between charge trans- S I ; " :
fer and Cu coordination mentioned abdv&®.AE has been HereT labels the translation vectors which map the super-
calculated using an extended Hubbard model, but the resulattice onto itself and, r=T+r o is the position of theth
is too sensitive to the parameters of this model, not knowratom of that supercell obtained from the one lying at the
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origin by a translatiol. The sum ovef is evaluated by the =~ TABLE I. Charges Z;), potentials ;) at the different atomic
Ewald’s method? For simplicity we have assumed that the SIteS, and different contributions to the total energy of

lattice parametera=b (taking the average between them YBa2CUsOg.x for x=1, e=2 eV andA <46.05 eV.
and we have taken the positions of the atoms from three

different O contentsx=7,% x=0.45,* andx=0.** We also Zi A V)
assume that all Y ions are®, all Baions are B&", allCu vy 3 ~29.39
ions of the superconducting plangBu(2) in the notation of g5 2 —18.41
(Refs. 43 and 44 have the same charge, and all O atoms of¢p) 2 —26.22
these planegdenoted @2) and Q3) (Refs. 43 and 44 re- 02 ~1.80 20.04
lated by translations of the primitiveX11 cell have the same 43 ) 21.73
charge. This simplifies considerably the problem, aIIowingO(Z) 2 21.76
us to express part of the sumsiiandj of Egs.(2) and(3), 0(3) _1.80 20.01
in terms of the coefficientsxi(} of the primitive unit cell, cu(l) 2' ) '35
reducing appreciably the number afs which should be o(1) —> 20'_11
calculated. Neglecting an unimportant constant we can writ%(4) 139 15.87
— E —291.32 ev
Es=38(Zei=2), @ Enva —288.59 eV
whereZ, is the average charge of all Cu atoms. In principle,g, 0 eV
A is the difference between the ionization potential of'Cu g | —1.24 eV
and the (negative electron affinity of O. However, it Ei)h —1.49 eV

should also contain information of steric effe¢short-range
repulsion$, the energy gain of écal Zhang-Rice singlé?
(not included inE+ Ey), and the kinetic energy of the Cu pgles per Cu, added t6CuO,;)*~ perfect chains. This ex-
hole. We keep\ as a parameter, assumed independent of pression does not take into account doped, extremely short
and determined in such a way that the charge distribution ighains, or the correction corresponding to chains of interme-

YBa,Cu;04 5 agrees with experiment. diate length.
The number of added holes in one of the two supercon- The total energyE is minimized with respect to the
ducting planes per unit cell I8=2+Zcy2)+Zoz)tZoi):  charges in the subsystem CyQ, [containing C(l), O(1),

whereZcy ), Zo(2), andZqg) are the average charges of 3nq q4) atomg and the average @2), O(2), and G3)
the Cu2), O(2), and A3) atoms of that plane. For the kinetic charges on both superconducting planes. Cu charges are al-
energy as a function df, we take the form established from |gwed to vary between 1 and 2, and O charges betwe2n

a high-temperature expansion of thd model, witht=0.4  and —1. This corresponds to the limit of very large on-site
eV, J=0.1 eV/® slightly generalized to give the correct mag- Coulomb repulsions.

netic energy foh=0:

Ep=—[eh+(1—h)(h+0.09192 eV]. (5) . RESULTS

e represents the difference between the energy gain in form- First, we have applied our approach to stoichiometric
ing a localized Zhang-Rice singlet in the planes with respectBa,Cu,;0-, a metallic state with a reasonably well-known,
to forming it in perfect CuQ linear systemginvolving the  nontrivial charge distribution. This is difficult to obtain from
Cu(1) and Q4) atoms of the basal plane, and tw¢lPapical  the Madelung energy, because this concept was developed
atomg**4. It can also contain information of different steric for insulators. In fact, if we negled, andE,, we obtain
effects in chains and planes. We keejas a parameter de- that all Cu ions are Cti", and all O ions are & except the
termined from the experimental charge distributionXerl.  chain Q4) atoms, the oxidation state of which isl. In
Actually, a realistic one-band model for the cuprates containgther words all holes go to the one-dimensional13«D(4)
also hoppings beyond nearest neighbors and three-site terrogains which are not expected to cond(ahte to defects or
which determine the shape of the Fermi surface and are critPeierls distortionsand the system is insulating. This is not
cal for the superconductivifff;*’ but we expect that these bad as a first approximation. It is the best description of the
terms do not affecE, very much. observed charge distribution in terms of integer charges. In-
Ec, is obtained by fitting exact results for the one- cluding all terms in the energy, with<46 eV and a reason-
dimensionalt-J model. The value$=0.85 eV,J=0.2 eV  able e=2 eV, we obtain that 60% of the holes enter CuO
were determined from a low-energy reduction procedurehains and 20% are in each of the superconducting £uO
which leads to excellent results for the optical conductivityplanes, in agreement with optical conductivity meas-

of the chaing® The result >33 urement®’ and estimations based on bond valence sums and
i other experiment¥’ The resulting charges, Madelung poten-
Ecn={(J—2t)si m(1-h.)] tials B;, and different contributions to the energy are in-
— 3(0.69+0.41h.)(1— H )}y, — s, 6) cluded in Table I.

After checking that in general this gives lower energy,
wherey, is the concentration of @) atoms belonging to and to simplify the algorithm, we have constrained the mini-
perfect chainsy, is the concentration of isolated(®?~ mization procedure distributing the holes on both supercon-
ions between two Qd)2* ions, andh, is the number of ducting planes in equal amounts between tl{g) @toms of
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TABLE Il. Same as Table | for the CS af=1/2. The subscript TABLE Ill. Same as Table | for the H8Ref. 27 for x=1/2,

of Cu(1) ions refers to its coordination, and that of apicdlLOons andA<40.29-€.

is the coordination of its nearest neighbor(Qu Parameters are

e=2 eV andA=31eV. Z; Bi (V)
Ccu2) 2 —28.05
Z A V) 02 -2 19.79
Cu(2) 2 —26.73 0P -2 19.81
0(2) -1.91 20.34 Cu(1) 2 —21.40
03 -2 21.15 o(1) -2 21.78
0(2) ) 21.16 O(4) -2 21.25
o]fc) -1.01 20.32 E —294.03 ev
Cu,(2) 1 ~12.23 Emad —293.93 ev
Cuy(1) 2 —24.94 EA 8 g
0,(1) -2 20.18 £ o1 iy
0,1 -2 20.14 ch '
0(4) -1.37 15.59
E —293.86 eV

The experimental evidence indicates that threefold-

EMad —_Zzg.gs e\\// coordinated C(1) atoms are C&", in particular optical ex-
A ' € periments on quenched samplédand NQR experiments in

E, -0.71 ev : . . A

E” 073 oV which Y is replaced by larger ior.This is also suggested
ch - Y.

by the theoretical studié$>33and the argument on the in-
terplay between charge transfer and strucfupeesented in
Sec. |. An upper bound oA can be obtained requiring that
one plane and the @) of the other, and have kept2 the iy the HS forx=1/2, all Cu ions remain G} and no holes
charge of the apical @) ions. The results depend signifi- gre transferred to the CuOplanes, so that the system re-
cantly, but not dramatically, o: For e=0, the amount of mains semiconducting. This implies\<A n.=€(Bo()
holes in each plane is reduced to 14%. Instead, the DOSitiOﬂSﬁCu(l))—aEp|/ah|h=0. We obtainA ,,,,=38.29 eV. It is in-

of the Ba and apical O atoms are crucial. If the atomic positeresting to note that in order for the present work to be
tions are taken as those fer=0, for which the @1) atoms  consistent with the estimations of Oheaal. for the charge
are nearer and the Ba atoms more distant from the baSﬁlansfer gap in several h|g'ﬁ6 Superconducto?gone should
plane, we obtain a hole dopirigof only 0.03 in each Cu®  take A~3.5x10.9 eV=38.15 eV. The results for any
plane, while for the positions correspondingxe 0.45, the  A<A__ are presented in Table Ill. Comparison with the

resulting doping is 0.14. energy of the CSTable Il) establishes a better lower bound
To establish bounds oA, we have calculated next the for A: In order for the CS to be the ground state,

energy and charge distribution of both superstructures showy > A . =31.34 eV.

in Fig. 1 forx=1/2. The HS is the one which minimizes the | the following, we assume that=2 eV and
Coulomb energy when all atoms related by symmetry operaa .. <A<A.., for all x. Using these criteria we derive con-
tions of the tetragonal primitive unit cell have the samec|ysjons regarding the stability of HS's in comparison with
charge:>*"** However, the ground state is the CS, thecs's. Let us begin withk=1/8, calculated with the atomic
twofold- (fourfold-) coordinated Cu ions are mainly Cu  positions for x=0.4 For CS's, all fourfold-coordinated
(Cu®*),**1%%and about 0.1 holes per Cu go to the super-cy(1) jons remain Cé*, the twofold-coordinated ones are
conducting CuQ planes’*°in agreement with theoy?To  cy*, and most of the holes brought by the neutral O atoms
satisfy this charge distribution, our model has to satisfyemering thex=0 structure to form that o= 1/8 remain in
several constraints. One of them B>Ap;,=e(Bop)  their neighborhood: One hole is transferred to a nearest
—Bcuz) —9Ep/dh, whereBqy, is the lowesis; of the oc-  neighbor Cu™ and only 0.09 additional holes per supercell
cupied O atoms of the planes, apd,») is the potential at  are distributed in the planes. In other words the charge of the
the twofold-coordinated chain €l atoms. If this constraint chain 4) atoms is—1.090 and the doping of each super-
is not satisfied, the holes of the planes go to the twofoldconducting plane is=0.0056. The potential at the fourfold-
coordinated Cu atoms and the system would be insulating. 18oordinated C(1) atom in the supercell is-24.55 V, while
Table Il we give the resulting chargeg;, and energies of those at twofold-coordinated Cl) atoms vary between
the CS forA=31 eV, slightly above\ . For larger values —13.24 V and—12.36 V, with increasing distance to the
of A (not too large to avoid that fourfold-coordinated €u  Cu(1)-O(4) chain. The difference of more than 11 V is not
becomes Cii), the only change is th& andE, decrease taken into account in Hubbard-type models which do not
proportionally toA/2. The resulting amount of holes in each include a large nearest-neighbor Cu-O repulsigy, in an
CuO, plane(0.093 per Cuis in very good agreement with appropriate way:'333; at the chain @) atoms is 13.12 V.
experiment. TheB; at inequivalent @L) atoms are surpris- The g; at the CuQ planes and apical O atoms have similar
ingly similar and a little bit smaller than thg; of the O  values as those reported in Tables | and II.

atoms of the Cu@ planes. Holes prefer the latter because of In the HS forx=1/8, all O ions are & and all threefold-
the positive value o&¢. However, a more realistic description coordinated C(1) ions are Cd". B; at these atoms is
should allow that a small amount of holes enter apicell)O —23.82 V, while at the remaining, twofold-coordinated
atoms, particularly for smak. Cu(1) * ions, itis~—12 V. At the Q4) ions 8;=—18.30 V
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and other B; are similar as those in Table Ill. For becomes significant when one considers the possibility of
A=Ain=31.34 eV, the total energy of the CS45296.33  phase separation: The structures with 3/8 calculated with
eV, slightly less than that of the HS-296.07 eV. Although  the positions forx=0 (x=0.45) (Ref. 44 are stable(un-
the Madelung energy of the latter is le6s272.57 eV in  stable against phase separation into phases witti/8 (cal-
comparison with—268.63 eV of the CB the CS has lower culated with the positions fax=0) andx=1/2 (calculated
energy because it ionizes half of the(@u" ions of thex=0  with the positions forx=0.45). Since we do not know ex-
structure, and thus pays leas For larger values ofA, the  actly all atomic positions at the compositions of interest, we
difference increases linearly with/8. Thus, the CS is the cannot draw definite conclusions regarding phase separation.
ground state fox=1/8. However, as pointed out earligtthe relaxation of the lattice
Under some general conditions, using a multiband Hubis very important and favors phase separation.
bard model includingJ,4, one of us has shown that HS-  The last comparison between the two types of superstruc-
type superstructures have less energy in the semiconductiigres we make is fox=7/8. Since we do not include cova-
phase if no holes enter apical(I) atoms®® What is the lent corrections for C{1)-O(4) chains of intermediate length
reason for the discrepancy with the present result? On thpresent in the HSsee Fig. ], we drop E,+E, in this
one hand, the effect of repulsions beyond nearest neighbocomparison. According to Table I, the magnitude of the ne-
is important. For example, in usual Hubbard-type modelsglected terms is-3 eV. As in previous cases, only twofold-
the energy necessary to add a hole in a cha#) @&om with  coordinated Cu ions are+l and the rest are Gii. As a
both nearest neighbors being €uis €p+2U,4 indepen-  consequence of the neglect of covalency, all O atoms of
dently of the rest of the electronic and atomic structure.CuQ, planes are &, and all chain @) atoms are O,
However, as explained above, this energy is 13.12 eV for thexcept one of the four @) atoms of the 2/2x 22 unit
CS and 5.28 eV larger for the HS. On the other hand, taell, nearest to the additional(@ vacancy, which is &~
obtain the present charge distribution of the CS with thewe have chosen it inside the short chaifor the CS3; at
model of Ref. 33,e,<e4+2Uq, is required, contrary to twofold-coordinated C{i) * is —9.14 V and that at fourfold-
what is expected in Cu@planes®**and one of the hypoth- coordinated C(L)2* lies near—19.5 V. The potential at all
esis of Ref. 33. As stated clearly in Ref. 33, that calculatiorapical Q1) [chain Q4)] ions lies near 22 \(16.7 V), with
was aimed to discuss the effects of covalency neglecting reittle variation with distance to the Gl)-O vacancy chains.
pulsions beyond nearest-neighbor Cu-O ones and assumimr HS’s, 3; at fourfold-coordinated Q) %" ions is—23.10
that these were small. However, we find that longer-range/, except at the one nearest neighbor to tHé)&", which
repulsions are essential. amounts to-27.48 V. At the threefold-coordinated Q>*
Next, we analyze the superstructures corresponding t@n nearest neighbor to the(®?~ ion, g; is also—23.10 V,
x=23/8 with atomic positions taken from data fa=0.45.  and at the other threefold-coordinated (Qd* ion of the
The general trends of the charge distribution and potentialgnit cell, 8;= — 18.73 V. At the @4)2~ ions it is 8, =17.57

are similar to those ok=1/8. Twofold-coordinated Q&)  v. The potentials at the other (@) sites (occupied by O
ions remain Cu, while higher-coordinated Cu ions have an ions) vary between 12.42 V and 14.57 V.

oxidation state C&". For CS’s, the charge of chain(® The energy of the HS forx=7/8 is E=Ey,q= — 292.44
atoms is—1.37 and the doping per Cu of the superconductey. This is less than the enerdy=E,q+ E, for the CS,
ing planes ish=0.07. The potential at the sites of twd4)  even at the largest possible= A ,,,,=38.29 eV, for which
atoms of the unit cell is 15.01 V and 16.12 V at the remain-g= —291.40 eV. IncludingE ,+ E oy this energy decreases to

ing O(4) sites. Theg; at fourfold-coordinated GU) sites are  —292.92 eV, but in principle one expects a similar decrease
near—25 eV, and those at twofold-coordinated (Cusites  for the HS. Also forA=A,,,=31.34 eV, even including
vary between—11.45 V and—13.17 V. For the HS, all O Ep|+ ECh! the energy of the CS is-291.85 eV' |arger than

ions are G~ the 3; at O(1) atoms is near 20.8 V and those that of the HS. We conclude that our model supports the
at fourfold- (twofold-) coordinated C(1) atoms are near |atter as the ground-state superstructure.

—22 V (—10.35 V). We should note that keeping this charge
distribution, there are at least two superstructures with less
energy®! one of them which provides the best fit of the
neutron-scattering dafa?® The difference between the  We have studied the interplay between the electronic and
Madelung energy of the superstructure of Fig. 1 and theatomic structures of YBgCu;O4., by an approach based
lowest lying of the above-mentioned superstructures isn the Madelung energgnd the cost of the charge transfer
0.17 eV3! Including this correction, the energy of the process Ci + O~ — Cu?* + O2. The effect of cova-
lowest-lying superstructure of unit cell multiple of |ency is included as a correction. This approach is motivated
2\2x2\2 for A=A;,=31.34 eV becomes-294.62 eV, by the fact that while first-principles calculations fail to de-
only slightly smaller than the energy for the @5294.56 scribe the semiconducting systems, and the correlation en-
eV). Since increasing favors the CS by a term proportional ergy they neglect is near 0.6 eV and depends on the oxygen
to 3A/8, there is a crossing already&¢=31.50 eV, and for  ordering’ the strong-coupling models used so'f&r?*~?ne-
A<A<A,,=38.29 eV, the CS has lower energy. If the glect long-range repulsions and depend on parameters which
x=3/8 superstructures are analyzed with atomic positionsire not well known. A particular difficulty of these Hubbard-
corresponding tx=0 instead ofx=0.45, the same trends type models when applied to defects or systems with low
are observed) increases slightly to 31.85 eV. The doping symmetry(as the X8 or 22X 2+/2 unit cell§ is that they

of the planes for CS’s is reduced to=0.02. The energy require a large number of uncertain parameterssite en-
decreases in-0.6 eV for both structures. This difference ergies at sites nonequivalent by symmetry, for examfe

IV. DISCUSSION
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describe the problem accurately enough. It is also difficult tqputting a line of Ovacanciesn the x=1 structure is not so
include long-range repulsions in exact Lanczos diagonalizaefficiently screened and thus, far-1, CS’s are not favor-
tions of Hubbard-like models. This was done by Riera andable. Other results which should be revised concern the hole
Dagotto for a generalized three-band Hubbard model in ongount in the planes and tlfll%26291-l§6plateau in the superconduct-
and two dimension2® However, the two-dimensional results ing critical temperaturé'. “2%"The present results sug-
are incorrect due to subtleties in the use of boundary condigest that the role of apical @ atoms is not so important as
tions, and in general different cluster sizes and shapes shouRfeviously assumetf;***and that the positions of the atoms
be used’ and relaxation of the lattice are crucial in the charge balance
We addressed the issue of the stability of CS’s of unit cel@nd also in a possible separation in phases with different
1xn (n intege) in comparison with 22 2.2 type of su-  0XYgen contents? _ _
perstructuregHS’s). As mentioned in Sec. I, fox<0.4 and Dielectric screening and that of free carriers, neglected in
room temperature, the experimental evidence is against CS'§1€ present approach, are likely to play an essential role in
We mention here also photoconductivity experimét§?  the problem. One of the attempts to include Madelung po-
lluminating semiconductingnon-C3 films, the resistivity tentials in eIethronlc calculations is that of Ohta, Tohyama,
decreases strongly as a consequence of pumping holes to tiBd Maekawd? The authors screened those potentials by the
superconducting Cu@planes, and ordering ifpresumably optical dielectric constantassumed 3.5 for all systems

shory chains takes plaé®since these structures are energeti-10 obtain different parameters of a multiband Hubbard
cally favored under the constraint of a sizable hole occuM0del for the superconducting Cu-based perovskites. Using

pancy in the planegthis can be inferred from the informa- these parameters, they have obtained charge-transfer
tion on the different potentials given in the previous sectiondaPS, €xchange constants, and other information in good
or the arguments given in Refs. 1 and)6@/hen illumina- agreement with experiment. One would be tempted to extend
tion ceases, the resistivity returns to the original high valuedivially this formalism to calculate the total energy of
in times characteristic of oxygen diffusidaee Fig. 2 of Ref. YBa2CU30s., dividing all Madelung contributions by 3.5.
58), showing that the true equilibrium state is not a cs. This is clearly incorrect, since dielectric and metallic screen-
Nevertheless, it is still possible that at lower temperatures /9 Shouldlower the total energy of the systefincreasing
phase transition takes plagdifficult to detect because of the [tS absolute valuewith respect to the unscreened case, in
sluggish oxygen kinetics at low temperatyresnd the spite of the fact that the magnitude of the effective interac-
ground state is a CS. The present results support this staton between two defect charges at a distance large in com-
ment. It is reasonable to expect that HS's are favored bparison with the interatomic distance is reduced by dielectric
entropy at moderate temperatures: For CS’s, the cost in ef? metallic screening>? A simple electrostatic calculation
ergy for a displacement of an O atom to their nearest availl"volving two charges surrounded by a small void sptiese
able positions, breaking the chains, is high, while this is no@v0id divergencesin a dielectric medium shows that the
the case for HS'&! In fact this entropy term is essential to interaction of the defect charges with the immediate neigh-
explain the neutron-diffraction results fer-3/8 (Ref. 29 in ~ Porhood causes the largest reduction of the total energy. Lo-
terms of a 22X 42 superstructur%l cal distortions around added or vacant4D atoms in
The structural model of Aligia, Garseand Bonadég25* YBa,CuzOg., Were calculated by BaetzSftiand are signifi-

is based on Coulomb repulsions between any two basa cant. In the semiconducting phase, for which the effect of

plane @4) ions, screened by free carriers and dielectric pol'€€ Carriers can be neglected, a formalism which takes into
larization. Except for the high stabilization energy of the &ccount Madelung energies, atomic potentials, and atomic

. B - 4 - -
chainsAE, CS's are unstable within this model far-1/g  Polarizations exist&] and might be applied to YBZu;0

because of the large cost in O-O Coulomb energy required t6+x for X<0.4, as an extension and improvement of the
arrange the Q¥ atoms in C(1)-O(4) chains. The present Presentapproach.

results show that the neglect of electronic screening in the

semiconducting phase is incorrect: Bor 1/8 and CS's, the ACKNOWLEDGMENTS
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