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A detailed analysis of the effect that oxygen disorder has on the electronic structure of the highly
correlated high-T, superconductors is presented. The system is modeled by a Hubbard-type Hamil-
tonian in which the on-site and intersite correlations between oxygen and copper atoms are includ-
ed. The Green-function formalism is used to calculate the local electronic density of states at the
Cu and O sites characteristic of YBa,Cu;04,, as a function of oxygen concentration x and of the
cation charge Q. Due to the large electronic interactions, a Mott-Anderson metal-nonmetal transi-
tion is obtained, in accordance with the experimental findings. The hole concentration n is calculat-
ed for disordered and ordered systems. A plateau in the concentration dependence of n is obtained
for 0.45=x =0.75, only in the ordered system. The correlation functions of the various charge
states in Cu and O are also calculated and discussed.

I. INTRODUCTION

The study of the crystallographic structure of high-T,
superconducting materials has been a necessary step in
the attempt to understand its superconductive properties.
Neutron powder diffraction studies' have revealed that
the YBa,Cu;O4,, system has the structure of an
oxygen-deficient perovskite with essentially two active,
one-dimensional (1D) and two-dimensional (2D), elec-
tronic objects in the unit cell: two CuO, planes and a
linear chain in the basal plane, which are weakly linked
by an oxygen atom. This atom is in a bridge position be-
tween two copper atoms [O(4) in the notation of Ref. 1]
closer to the chain than to the CuO, planes.

Several band-structure calculations of YBa,Cu;Oq, ,
using various local-density-functional approximation
schemes, reported recently,”® have been limited to the
case in which the material can be considered microscopi-
cally as an ordered system (x =0, 0.5, and 1). Unfor-
tunately, the transition from the superconducting to the
insulating state observed in YBa,Cu;0, , as a function
of the oxygen concentration cannot be explained within
the context of those theories. However, those calcula-
tions have revealed that the main features of the band
structure near the Fermi level can be obtained by consid-
ering only two electronic orbitals: the d and p orbitals as-
sociated to Cu and O, respectively. This fact allows us to
use a simple tight-binding model to study the electronic
density of states in the vicinity of the Fermi energy.

In a previous work* we used a tight-binding approach,
as suggested by the local-density-functional calculations,
to study the effect that the disorder, introduced by the
oxygen vacancies, has on the electronic density of states
of the compound. We were able to establish a correlation
between the crystallographic phase (orthorhombic-

42

tetragonal) and the superconducting properties. Howev-
er, a severe shortcoming of that study, as well as of the
local-density-functional schemes, is that we did not in-
clude the electronic interactions of a local highly corre-
lated system. Due to the large intra-atomic electronic
repulsion at the Cu and at the O sites, it is generally ac-
cepted that the high-T. ceramics belong to that class of
systems. For example, those theories predict a metallic
phase for any oxygen concentration (0 <x =< 1), a fact that
contradicts extensive experimental evidences.’ It is now
well established that high-T, superconductors, and in
particular YBa,Cu;0q, ., suffer a Mott-Anderson metal-
nonmetal transition as a function of the oxygen content
(self-doping) and of the total charge Q transferred by the
cationic elements to the basal and CuO, planes. The fact
that the density of states at the Fermi level has mainly
oxygen character, as has been determined by several ex-
perimental measurements,® tends to confirm that those
systems are Mott insulators for x <0.3.

A proper understanding of superconductivity in
YBa,Cu;0q. , requires a detailed analysis of the simul-
taneous effects that electronic correlations and disorder
have on the region near the Fermi level and in particular
its influence on the equilibrium interchange of electronic
charge (as a function of doping) between the localized
linear chain states and the extended states of the CuO,
planes. It is this equilibrium of charge between the 1D
and 2D parts of the system which regulates the depen-
dence of T, as a function of oxygen content, and which
could give an explanation for the reduction of the super-
conducting transition temperature for samples with the
oxygen atoms partially ordered and which are produced
by a quenching process.

The purpose of this paper is to treat the highly corre-
lated disordered electronic gas in a simple way but accu-
rate enough to permit an adequate description of the
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Mott-Anderson metal-nonmetal transition. Simultane-
ously we study the charge redistribution between the
CuO, planes and the chains, associated to the mobile and
localized holes, which can eventually give a plausible ex-
planation for the dependence of the critical temperature
with doping. The existence of a typical plateau at ap-
proximately 60 K (the value of this temperature depends
upon the way in which the sample is prepared) for a wide
range of oxygen concentration (0.8 >x >0.5) is believed
to be related to the number of mobile holes at the CuO
planes. The number of total holes can be inferred experi-
mentally by chemical methods,” while the mobile holes
can be obtained approximately by Hall measurements.®

Although many efforts have been devoted to under-
stand the superconducting properties of YBa,Cu;Oq,
there are still many open questions. Examples are (i) the
understanding of the essential mechanism for supercon-
ductivity, (ii) the role of the various oxygen and copper
atoms and their electronic charge, and (iii) the spatial or-
dering of oxygen at low temperatures in the basal plane.
There is, as well, a lack of a microscopic model of high-
T, oxides for T > T,, which we believe could help to un-
derstand the superconductive phase. In this paper we ad-
dress some of those questions. The Hamiltonian used is
presented in Sec. II. Its solution and the calculation of
the local electronic density of states is contained in Sec.
III. Finally the results are presented and discussed in
Sec. IV. Details of the calculation are given in the Ap-
pendix.

II. THE HAMILTONIAN

To describe the YBa,Cu;Oq4,, system we propose a
Hubbard type of Hamiltonian, which includes the in-
trasite Cu and O and the nearest-neighbor intersite O-O
and O-Cu electronic repulsions. The Hamiltonian is
composed by two contributions: a 2D oxygen [O(2)]
decorated copper [Cu(2)] CuO, square lattice and a 1D
oxygen [O(1)] renormalized-copper [Cu(1)] linear chain in
the basal plane. The Cu(1) is renormalized by a strong in-
teraction with its two nearest-neighbor oxygen atoms
[O(4)] perpendicular to the basal plane. From neutron-
diffraction data one obtains for the distance between the
CuO, planes and O(4) a value of 2.23 A, in comparison to
the diostance between O(4) with the linear chain, which is
1.85 A. For simplicity we neglected the weak interaction
between the O(4) atoms and the CuO, planes, which per-
mits us to write the Hamiltonian as the sum of two in-
dependent terms:

H=H +H (2.1)

chain plane >

which can be written
_ + +
H=SElpp.+ 3 Eldyd +U,3n,n.
Bio Bac 1o
+U; > NooN T Upd > noNyy
ao iaogo’

oyt
+Uy, 3 nighjet 3 Ved(poda, te.c),

ijoo’ iao

(2.2)

where n,—UZp,t,p,a, N,,=d,d,,, and i(a) denotes an
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oxygen (copper) atom. The p,. (d,) operators create an
electron on site i (a) with spin o at the p — (d —) orbital
and B corresponds to the two possibilities; chains or
planes. The intrasite (intersite) correlations are denoted
by U, and U, (U, and U,,). The matrix element Vg
corresponds to the hopping between copper at site o and
the nearest-neighbor oxygen atoms at site i.

The solution of the many-body Hamiltonian (2.2),
describing a system of randomly distributed oxygen
atoms (x < 1), requires the simultaneous treatment of the
disorder and of the electronic correlation. While the
many-body effects are essential for both the basal and
CuO, planes, the disorder is restricted only to the chains
in the basal plane. As observed in neutron-diffraction ex-
periments,' the oxygen atoms that get in and out of the
system come and go mainly to the oxygen sites O(1) and
O(5) in the basal plane. Only recently it has been recog-
nized’ that also a small amount of oxygen gets in and out
of the O(4) sites. Furthermore, the influenice of the disor-
der on the CuO, plane will be neglected.

The many-body problem is solved by using the alloy
analogy approximation'? for the intra-atomic repulsion at
Cu and O sites, and a Hartree-Fock approach for the
smaller intersite O-O and O-Cu repulsions. This ap-
proach reduces the electronic correlation problem to a
self-consistent solution of a disordered system with two
chemical species; single and double occupied atoms. This
kind of formalism allows us to include the many-body
problem and the oxygen-real-space disorder within the
same context. The values used in the calculation, follow-
ing ab initio calculations,!' are U;=9.0 eV, U,=6.0¢V,
Uy,=18 eV, U, =09 eV, Eq—E=0.5 eV, and
V,a=1.2 €V. The ratio between the hopping on the basal
plane and the corresponding to the O(4) sites is 0.83.

III. THE ELECTRONIC DENSITY OF STATES

To obtain the quantum-mechanical and configurational
averages of the relevant physical variables, we adopted
the Green-function method. The diagonal Green func-
tions are calculated by applying a real-space renormaliza-
tion technique,'?> which decimates iteratively the lattice
points corresponding to Cu and O sites. At each stage of
the decimation, the eliminated degrees of freedom are
configurational averaged, preserving the statistical corre-
lations between diagonal and nondiagonal renormalized
parameters. We showed in a previous work!® that this is
a very accurate procedure to calculate the density of
states of low coordinated systems, as it is the case of
high-T, ceramics, because the long-range spatial fluctua-
tions are preserved at all stages of renormalization.

A double decimation scheme was employed to guaran-
tee the invariance of the equations of motion correspond-
ing to the original basal plane chain (Cu-O-Cu-O-Cu. . .).
This is illustrated in Fig. 1. The existance of the O(4)
atoms linked to the copper Cu(l) atoms are taken into ac-
count by renormalizing the Cu(l) undressed diagonal
Green function. The set of equations of motion for the
Green function G ,g(w), corresponding to a semi-infinite
linear chain, is
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FIG. 1. Double decimation scheme for the one-dimensional
chain.

(3.1
(3.2)
(3.3)

Goolw) =g +8tV51Go(w) ,
Glo(W)—__g?V(l),OGoo(lU)+g‘11V(l),2G20(w) ’
Go(w)=g8V54G p(w) +g5V$4G (W) ,

where V5" is an effective hopping element defined in the
Appendix and the undressed locators are given by
1

w—E}

1

gh= (3.4)

Here, w =w +in,n=0".

The subindex i(a) is associated to the O(Cu) sites,
while A denotes atoms with one or two electrons. For the
sake of simplicity and in order to apply the decimation
procedure in an straightforward manner, we describe the
CuO, planes by a copper-oxygen decorated Bethe lattice.
Since this lattice can be constructed by an infinite series
of interconnected linear chains at one point, the renor-
malization technique which solves the 1D problem solves
as well the Bethe lattice. The CuO, plane is a low coordi-
nated lattice (2 <Z <4) and this approximation does not
introduce any significant spurious physical results in the
calculations. For the CuO, plane, within the Bethe lat-
tice approximation, one can use for the decimation pro-
cedure the set of Egs. (3.1)-(3.3), where the renormalized
locators associated to Cu(l) are replaced by the corre-
sponding undressed Green function of Cu(2). The renor-
malization relations, which result from the decimation
process, are given in the Appendix.

As already mentioned, the U,; and U, terms are treat-
ed using the Hartree-Fock approximation. To that aim
the diagonal matrix elements of the Hamiltonian are re-
normalized by the self-consistent procedure, since they
depend explicitly on the occupation number n;,(N,,) at
the O(Cu) sites. To calculate the local density of states at
Cu(2) more accurately, as far as disorder is concerned, we
considered a cluster of nine atoms (Fig. 2) in an exact
way. The cluster is saturated by renormalized surface
Green functions generated by the Bethe lattice decima-
tion.

The density of states (DOS) depends on the concentra-
tion and more strongly on the oxygen vacancy distribu-
tion in the basal plane. Despite the fact that this problem
is not completely understood, it is well established that
for samples prepared by annealing, the oxygen vacancies
order in the basal plane at least for certain values of the
oxygen content.'*!> We assume the following ordering
process: At high temperatures the probability to find an
oxygen atom at the O(1) and O(5) sites in the basal plane
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FIG. 2. Cluster of nine atoms used to calculate the electronic
local density of states of the CuQO, plane elements.

is the same (tetragonal phase); upon reducing the temper-
ature and below the critical temperature of the tetragonal
to orthorhombic phase transition, the oxygen atoms oc-
cupy preferentially the O(1) sites; reducing the tempera-
ture further, makes that all the oxygen atoms occupy
only sites along the chains of O(1) sites but are randomly
distributed; finally, at even lower temperatures, the va-
cancies in the chain form ordered patterns.

We analyze the effect of the vacancies present in sys-
tems with concentrations x <1 by considering two
different situations. In the first case, it is assumed that
the vacancies appear at random positions along the well
established linear chains. This corresponds to a material
quenched from the partially ordered phase mentioned
above to superconductivity temperatures. Secondly, for
the annealed system we adopt the very simple distribu-
tion proposed by Zaanen et al.,'® which coincide for cer-
tain values of x with the experimental results.'*!> Con-
sidering two adjacent linear chains we assume that, for
the interval 0.5 <x <1, one of the chains remains intact,
and the other dilutes in such a way as to maintain the ox-
ygen vacancies as far apart as possible. For the particu-
lar case in which x =0.5, the basal plane contains only
intact chains intercalated with empty chains. Reducing
further the oxygen concentration, the chains that at
x =0.5 were intact, begin to dilute up to a situation in
which, for x =0, all the oxygen atoms are removed from
the basal plane.

The dilution of the linear chains produces two effects
that have to be taken into account properly. The pres-

e

FIG. 3. The three different clusters present in the chains, and
for which the Cu(l) is (a) twofold coordinated, (b) threefold
coordinated, and (c) fourfold coordinated.
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ence of an oxygen vacancy between two copper atoms
[Cu(1)], eliminates the link between them, introducing
thereby a nondiagonal disorder into the system. On the
other hand, as the copper changes its coordination and as
a consequence its environment, the diagonal element is
renormalized (diagonal disorder) due to a modification of
the charge cloud of the neighborhood. The diagonal and
nondiagonal disorder have to be treated taking into ac-
count the correlation between them. After the decima-
tion procedure of the dilute chain has been carried out,
we consider the three different clusters shown in Figs.
3(a), 3(b), and 3(c), for which Cu(l) is twofold, threefold,
and fourfold coordinated, respectively. For the case of
the quenched system the spatial correlation between va-
cancies can be neglected and the statistical weight of the
three different clusters is, p2=(1—x)2, p3=2x(1—x),
and p,=x? respectively. On the other hand, the an-
nealed situation has to be analyzed considering four
different ranges of concentration. It is easy to show that
the probabilities of the various clusters are those given in
Table 1.

The oxygen atoms at the O(4) positions suffer, as well,
a modification in its environmental charge. This effect is
reflected on its diagonal matrix element, quantity that de-
pends on the coordination of the Cu(l) to which it is
linked. However, as it is discussed in the following, this
is not an important effect because its DOS is located far
below E.

The diagonal matrix elements corresponding to Cu(l),
O(4), and O(1) in the three possible configurations are
given by

o
Ec{nl) =4U,y(now4)—2n0)) »

Eé{l(IJ:Eé{x(l)+2Upan(l) ) (3.5)
E¢ 0y =E¥) +4Uy,ne, »
E%)fm:(Ud_“Upd IN cuiz) —(8U,, Uy Ing )

+2Upu Ny »

(3.6)

Eg)f(4>=E%)f(4)+2Upp"0(1) ’
E4of(4)=E(2)f(4)+4Upp"0m ’
E8(3)=(Ud—4Upd)NCu(2)_(8Upp+Up o)

+4U, Neyy T8U 00, » (3.7)

where the index 2f, 3f, and 4f correspond to the three
clusters shown in Figs. 3(a), 3(b), and 3(c), respectively.
Furthermore, the diagonal matrix elements for the CuO,
plane are

4291

Ecy2)=0, (3.9)
Eoy=UsNcuo) —Upnog) -

The position of the Fermi level Er and the occupation
numbers are obtained self-consistently by solving the cou-
pled equations:

Ep
2f_ oc[ZPCu(z)(u’)""‘Pom(11’)“":'3)00(4)(“’)

+pcu(])(U))+xpo(”(w)]dw :9+Q (39)

and

E
2 [ procalw)dw =n, , (3.10)
where p;(w) is the local density of states of each atom
and Q is the cationic charge per unit cell of the non-
copper metal atoms, transferred to the planes and chains.
Q =7 in the case of YBa,Cu3;0,;. The number 2 in front
of the integrals results from spin degeneracy. We investi-
gated the electronic behavior of different compounds and
in particular the metal-nonmetal transition as a function
of the oxygen content and the transferred charge Q.

IV. RESULTS AND DISCUSSION

We show in Figs. 4(a) and 4(b) the total density of
states of YBa,Cu;04,, for x =1 and 0.7, respectively.
The intra-atomic electronic repulsion at the copper and
oxygen atoms have split the states into a sort of lower
and upper Hubbard bands. However, the correlation gap
is more complicated than the one that the Mott-Hubbard
model could normally predict. It is a charge-trnasfer gap
existing essentially between the filled upper Hubbard O
2p band and the empty upper Hubbard Cu 3d band. The
Fermi energy falls near the correlation gap. This fact
could explain why in the photoemission spectra!’ a DOS
is observed at the Fermi level, much smaller than the
value obtained in density functional calculations, in
which the local strong electronic repulsion at Cu and O
sites cannot be included.

We have calculated the LDOS of Cu at the various po-
sitions and as a function of the oxygen content (the de-
tails of the calculation are given in the Appendix). The
results are shown in Figs. 5(a)-5(c) and 6(a) and 6(b).
The strong intra-atomic electronic repulsion of Cu, U,,
splits the states far apart from the Fermi level. Otherwise
the O(2) and O(1) bands, less split by the electronic repul-
sion, reveal the predominant oxygen 2p character of the
states near the Fermi level. This agreement with the

TABLE I. Ordered oxygen-vacancy probabilities.

1.00=x =0.75 0.752x =0.50 0.50=x =20.25 0.25=x =20.00
P, 0 (3—4x)/2 0.50 1—2x
P, 2(1—x) 2x —1 2(0.5—x) 2x
P, 2x —1 0.50 (4x —1)/2 0
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FIG. 4. The total electronic density of states: (a) YBa,Cu;0,
and (b) YBa,Cu;0¢ ;. The energy is given in units of the hop-
ping integral V.

spectroscopy measurements'’ shows the great importance
of considering the Hubbard terms to get an appropriate
description of the material.

The O(4) atoms, on the other hand, behave as accep-
tors of two electrons. It is an inert element in the sense
that its LDOS is negligible at the vicinity of the Fermi
level [see Fig. 5(e)]. However, it plays an important role
in reducing locally the available charge of the nearest
Cu(1) to which it is strongly bound. This behavior com-
pensates in part the role played by the Y and Ba elements
which liberate charge to the electronic active part of the
system, however without any significantly local effect.
The DOS of Cu(l) and O(1) exhibit a strong dependence
upon oxygen content x, due to the direct disorder that
the oxygen vacancies introduce into the Cu-O chain. The
DOS reduces its dispersion and shrinks its peaks as could
be expected to be the case of an increasingly diluted
chain. We can predict that the states are spatially local-
ized, since they correspond to a one-dimensional disorder
system.

The DOS of the system shows a well defined gap for
x =1. This feature is produced by the repulsion of the
electronic charge at the copper and oxygen sites. As the
number of vacancies increases, the gap is filled by an in-
creasing, however small, amount of states. They corre-
spond to O(1) and Cu(l) Hubbard eigenvalues that are
shifted to higher- and lower-energy values respectively,
due to changes in the nearest environment of these atoms
upon dilution. The oxygen vacancies create twofold and
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threefold coordinated copper atoms, which are able to
bind electrons more strongly than fourfold coordinated
copper atoms, since in those cases the electrons do not
suffer the repulsion of the electronic charge at the oxygen
sites that are missing. Although, experimentally, it has
not been possible to synthesize the compound with x =1,
and the gap has not been confirmed, other theoretical ap-
proaches'® 2% seem to indicate that the gap disappears in
that limit.

We treat the interatomic Coulomb repulsion within the
context of the Hartree-Fock approximation. This fact is
reflected in the diagonal matrix elements of Cu(1) as it is
given in Egs. (3.5)-(3.8). For the case of twofold-
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coordinated copper the LDOS lies almost complettely
below the Fermi level, as it is shown in Fig. 7. However,
it is not a passive structural element since the probability
of creating it, which requires the existence of two adja-
cent oxygen vacancies, increases as the oxygen content is
reduced. This displacement of the LDOS of twofold-
coordinated copper below the Fermi level is very impor-
tant to understand the reason why it is possible to ob-
tain superconductivity for concentrations smaller than
x =0.5, as it will be discussed in the following. An
equivalent situation occurs for the case of O(4) which
changes its environment with dilution by eliminating the
electronic repulsion of the nearest oxygen neighbors.
However, this situation has no consequences since O(4),

1.20

0.80

0.60

= M

-2.00 -0.00 2.00 4.00 6.00 8.00
E(V)

Dos

Eg

FIG. 7. The local electronic density of states of a twofold
coordinated Cu(1) in YBa,Cu;0¢ 5. The energy is given in units
of the hopping integral V.
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as already mentioned, is an inert element with its DOS
well below the Fermi level, independent of x. For the
case of the O(1) atoms, even if a reduction on the oxygen
content does not modify the number of its nearest neigh-
bors, the changes on the electronic charge of its environ-
ment produces a displacement of the binding energy of an
electron sitting on it. The CuO, plane is not greatly
affected by a change in the oxygen concentration because
it maintains its crystallographic structure independent of
oxygen content. It suffers an almost rigid shift to lower
values of energies as x decreases.

In Fig. 8 we present the dependence of the Fermi ener-
gy as a function of the oxygen content. For values of x
for which the Fermi level lies at the upper oxygen band
the variation is almost linear with a small slope, having a
rapid increase as soon as E eneters into the pseudogap.
The E; do not remain constant due to the fact that the
pseudogap is populated by localized states originated in
the diluted chains. A more complete comparison be-
tween theory and experiment was not possible because to
the best of our knowledge a systematic experimental
study of the behavior of E with x is lacking.

The system suffers a metal-nonmetal transition as a
function of oxygen content when the Fermi level goes
through the delocalized states of CuQO, plane [essentially
O(2) states] and enters into the pseudogap populated by
localized Cu-O states. From this point of view the
metal-nonmetal transition is of the Mott-Anderson
type.?! It is produced by the interplay of the electronic
correlation which opens the correlation gap and the dis-
order which populates it with localized states.

Within the range of solid solubility of the compounds
Y(La,Ba,_,),Cu;O¢,, and (Y,Ca,_,)Ba,Cu;O¢,, the
metal-nonmetal transition has been experimentally stud-
ied as a function of the oxygen content x and, by chang-
ing the concentration y, as a function of the cation charge
Q. We analyzed this problem theoretically changing the
value of @ in Eq. (3.9).

Figure 9 shows, in the parameter space x versus Q, the
theoretical (dashed line) and the experimental results
(solid line), separating the insulating from the supercon-
ducting phases. As it could be expected the metal-
nonmetal transition for these compounds occurs at
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higher values of oxygen concentration as the cationic
charge increases. Despite the dispersion that the experi-
mental results have (they depend on the sample prepara-
tion), there is a good agreement between theory and ex-
periment. For instance, for the case of YBa,Cu;0q, , the
metal-nonmetal transition is experimentally verified, de-
pending upon the particular sample, within the range
0.5<x <0.2. A similar behavior can be expected for the
other solid solutions.

It is widely recognized that the Cu-oxide supercon-
ducting properties depend upon the hole concentration at
the CuO, planes. In particular, that seems to be the case
for YBa,Cu;O¢.,, since it is believed that the Cu-O
chains, being disordered 1D physical objects, do not con-
tribute to superconductivity itself. it is reasonable to
think that localized electronic states would not provide
an adequate basis for the formation of a mobile Cooper
pair. However, the linear chains play an important role
as a charge reservoir which control, as a function of oxy-
gen content, the number of holes in the planes. Sem-
iempirical analyses have appeared in the literature®?
based on these ideas, explaining qualitatively the equilib-
rium that could be expected between the electronic
charges on the planes and the chains as a function of x
and Q. They were able to show that the main variable
correlated with T, in these materials is the charge on the
CuO, plane.

We calculated the number of holes at the CuO, planes
as a function of x. It was obtained by taking the
difference between the electronic charge of the plane at
thermodynamic equilibrium for a fixed value of x and Q
and the corresponding value in the case when the Fermi
level lies at the edge of the DOS of the CuO, plane, im-
mediately before the gap. The number of holes is not
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directly obtained from the area of the DOS of the CuO,
plane, above E up to the gap, becuase due to many-body
effects this area changes when the electronic charge is in-
creased in the system. The calculation was done for the
statistics corresponding to the random and to the ordered
distribution of vacancies (Fig. 10).

For the ordered case, Fig. 11(a) shows the existence of
a plateau for the number of holes in the CuO, plane for a
range of oxygen concentration 0.45<x <0.75, which
coincide with experimental measurements of the Hall
carriers and the critical temperature, as a function of the
oxygen content. On the other hand, for the random va-
cancy distribution case [Fig. 11(b)], the dependence of the
hole number with x is almost linear. This is also con-
sistent with experimental results, which indicate that for
a nonequilibrium-prepared sample, the plateau is much
less pronounced and in some cases almost negligible.?
These results emphasize the importance of the sample
preparation to understand the dependence of the super-
conducting transition temperature with the oxygen con-
centration.

In terms of the preceding discussion there is a crucial
difference between the ordered and the random oxygen
vacancy statistics in the range 0.45<x <0.75. As it is
shown in Fig. 10, the probability of having twofold-
coordinated copper is larger for the ordered than for the
disordered case, and remains constant for 0.25 <x <0.5.
A similar behavior follows the probability of fourfold-
coordinated copper for 0.5 <x <0.75. The observed pla-
teau for the ordered-oxygen configuration is the result of
the pinning of the Fermi level in the interval
0.45<x <0.75. The rapid increase of Cu™(3d'°) for the
ordered distribution of vacancies provides a mechanism
of pinning the Er. The local DOS of these atoms is com-
pletely below E, pushing it to lower energies and com-
pensating the opposite effect produced by the self-doping
when x is reduced.

For the situation in which the vacancies are randomly
distributed along the chains those effects are not impor-
tant because the number of twofold and fourfold-
coordinated Cu are monotonic functions of x (see Fig.
10). For the case of a sample with a random distribution
of vacancies, the dependence of the hole number with x is
almost linear, but shifted with respect to the result that

P, Py Py

0.84
0.6

0.44 N ’ X N ’

02 04 06 08 02 04 06 08 02 04 06 0.8
x x X

FIG. 10. Diagrams of the oxygen-vacancy probabilities. The
solid lines correspond to the random distribution, while the
dashed line corresponds to the ordered case given in Table I.
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FIG. 11. Number of holes on the CuO, plane as a function of
the oxygen content for the following: (a) an ordered vacancy
distribution and (b) a random case.

1.00

one obtains by assuming that the oxygen states are re-
sponsible for the holes, leaving the copper state with an
invariant charge in a configuration Cu’*. It is easy to
show that under that assumption the number of holes on
the planes is given by

nﬁla"e: 2(2x ‘—1)

ax 11 4.1)

This difference is due, to some extent, to the existence of
Cu’ in the sample. According to Eq. (4.1), the system
becomes insulator (zero number of holes) at x =0.5. This
contradicts the fact that superconductivity and metallic
behavior above T, for samples with x = 0.3, has been ob-
served. In our model, the number of holes belonging to
the CuO, plane goes to zero at x =0.2. This behavior is
due to the drastic changes in the DOS of the chains upon
dilution. As the oxygen concentration is reduced, the
number of states available to be filled below E increases,
reducing thereby the self-doping concentration necessary
for the insulating state.

The plateau obtained for 0.45 <x <0.75, in the ordered
situation, is produced by the statistics assumed. We do
not obtain similar behavior near x =1 because in that
range all the probabilities depend linearly on the concen-
tration. A similar plateau has been obtained assuming
the same statistics on the ordering of the vacancies in the
chain and using a model without correlation. '® However
in our case the pinning of E. is a consequence of the
Coulomb repulsion which locates the DOS of the twofold
coordinated copper below Ep.

The determination of the valence states of Cu (Cu’™,
Cu’*, and Cu™) in the superconductive ceramics and
their role in superconductivity have given inconclusive re-
sults.?*?5 We calculated within our model the probabili-
ty of getting the three different charge states for the oxy-
gen and copper atoms in the planes and along the chains
as a function of the oxygen content.

The correlation function y,=<{n;,n..) gives the proba-

ig
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bility of two electrons being at the same site i. x5 can be
obtained by integrating the imaginary part of the diago-
nal Green function associated to double occupation:

4.2)

= () == [ e et )
xs={n;,n ——;f_wlm( NiConsCin Ndw .
The correlation functions y! and i, corresponding to
the case of simple (Cu’* and O7) and zero occupation
(Cu®* and O) can be obtained directly from the relations:

X2t2X+Xx0=1,

4.3)
2x+2x,=2(n,) .

The first equation indicates that there is an atom at
each site independent of its state of charge, and the
second establishes the balance of charge at each atom.
The results obtained for the correlation functions in the
CuO, planes and in the chains are shown in Figs. 12 and
13, for the cases of ordered and disordered distributions
of vacancies in the basal plane. As it was already men-
tioned, the O(4) atoms behave as inert elements in the
system. They are always in the O~ state of charge, in-
dependent of the oxygen content and of the statistics con-
sidered. Electron energy-loss spectroscopy experiments®
have been carried out to obtain information about the
character of the electronic holes. The conclusion drawn
was that the number of holes in the O(4) sites should be
much smaller than the number in the other three oxygen
sites.

The situation for the O(2) atoms is similar. There is a
small change in the contribution of the various states of
charge as a function of x, reducing the number of oxygen
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FIG. 12. Probability of the charge states for the plane ele-
ments. (a) and (c) correspond to an annealed sample, while (b)
and (d) correspond to a quenched sample.
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FIG. 13. Probability of the charge states for the chain ele-
ments. (a) and (c) correspond to the annealed sample, while (b)
and (d) correspond to the quenched sample.

atoms with one electron and increasing the number of
double charge state as x increases. In Cu(2), indepen-
dently of the vacancy statistics, there is a constant ratio
between Cu’* and Cu™, approximately equal to 2. This
coincides very well with x-ray photoemission spectrosco-
py measurements,>* which suggest that the ground state
of copper is 30-40% of d'° and 60-70% d°.

The weight of the Cu®* configuration that we obtained
is almost negligible for Cu(1) and Cu(2) for all values of x.
The result that Cu is never Cu’" in these compounds is
still a matter of controversy, although several spectro-
scopic measurements tend to confirm that resulit.

In contrast to the elements of the CuO, plane, the state
of charge of Cu(l) and O(1), depend sensitively on x. The
results are shown in Fig. 13. In the range of x for which
the number of holes is constant in the CuO, plane, there
is a significant increase in the weight of Cu(1), reflecting
J
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the increasing influence of twofold-coordinated copper.

In summary, we have proposed a model to study the
main electronic properties of the YBa,Cu;O¢., com-
pounds which treats the effects of disorder and electronic
correlation within the same context. The model was able
to evidenciate the oxygen 2p character of the states near
the Fermi level, the Mott-Anderson-type metal-nonmetal
transition and, in particular, to reproduce the experimen-
tal observed plateau for the number of holes in the CuO,
plane for a range of oxygen content in the case of an or-
dered oxygen-vacancy distribution. This fact could be
understood as a consequence of the increase of the two-
fold coordinated copper atoms in this range of oxygen
concentration, which pins the Fermi level. The calcula-
tion confirmed the negligible contribution of Cu®* to the
state of charge of copper, while Cu?>* and Cu* partici-
pate with 30 and 70 %, respectively, in agreement with
experimental results.

To understand the correlation between the super-
conductive porperties of these materials and the
orthorhombic-tetragonal phase transition it is necessary
to incorporate another active d orbital just to be able to
include in the basal plane oxygen occupation along and
perpendicular to the chains. A more accurate treatment
of correlation and disorder and the inclusion of another d
orbital in the model will be the subject of a subsequent
work.
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APPENDIX

By decimating the Green functions corresponding to
the decorated semi-infinite linear chains shown in Fig. 1
we obtain the following renormalization relation for the
diagonal Green function and the effective hopping terms
between Cu and O nearest-neighbor atoms

sA.a B
A > 8iCi+16i+2
i V72 a ’
B, 1— 8i Vii+1gi+lV+ll
—
1 gi+1V+1 ,+2g,+2V +2,i+1
174 B
% _ Vii+1gi+1V +1, ,+2g,+zV 2,0 436716 42
wiva= X T Ve Vo, &l Viisy
&k, &1V +11+2gz+2 Yoin1 Vi 8 Viivn
DO(C\;)aﬂz 3
0O(Cu) O(Cu) — Li—li—2,i—
Vi,i Vl i—3 E O(Cu)yArdap . .
‘,a—nf.B—zC,A+1C:§+2 Li+1,0+2,i—1,i—2,i —3
where
O(Cu)fa O(Cu) Cu(0) O(Cu)
D[l[ b= Vll— gl V 11~g1 V —2,i—3 >
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and
NE(Cled =(1—gf VEu0) g WSy
X(1—g7) VC“C‘)‘?;g,“ LGaw ViiSel VST ,
1—gV; ~1u:)~zgz-2VCU(20z)—1 gl+1VO'§('?l+2gl VS +2 e
J
where 7, ; is the hopping element between the surface Jl—n,

atom and its first neighbor and ¢/ is the concentration of
atom i. When i corresponds to an oxygen atom of the
one-dimensional Cu-O chain, O(1), then

1—x

Cia: x(l—no(”)

Xno(y)

for vacancy; single occupation, a=1; and double occupa-
tion, a=2, respectively, while for the other elements
[Cu(2), O(2), Cu(1), and O4)]

¢ {"n
single occupation, a=1; and double occupation, a=2,
respectively.

The n; are the occupation numbers which are supposed
to be independent of spin. The complexity of the renor-
malization relation is a consequence of the difference be-
tween local environments originated by solving the disor-
der and many-body problem within the same context.
The final LDOS is calculated by writing the final Green
functions corresponding to the different clusters of Figs.
2 and 3.
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