PHYSICAL REVIEW B

VOLUME 40, NUMBER 13

Electronic-geometric relationships in copper-oxide-based superconductors

Jeremy K. Burdett and Gururaj V. Kulkarni
Department of Chemistry and James Franck Institute, The University of Chicago, Chicago, Illinois 60637
(Received 2 February 1989)

By using orbital ideas linking the dependence of the energies of the d levels at copper sites with
the details of the local coordination geometry it is shown through the use of tight-binding theory
how the geometrical structure is crucial to the understanding of the electronic structure of copper-
containing superconductors. Four systems are studied, the so-called 1:2:3, 1:2:4, 2:1:4, and 2:2:1:3
materials, from the viewpoint that superconductivity is only a possibility if the half-filled band situa-
tion at Cu'l is destroyed by electron transfer. In the 2:1:4 compound this occurs largely via doping
with, e.g., Sr. Here, we also examine the orthorhombic-to-tetragonal distortion of this compound
and show by calculation how the driving force away from tetragonal decreases with strontium dop-
ing in accord with experiment. We show how this may be interpreted in terms of the changes in
chemical bonding as the x%y? band begins to empty. The 1:2:3 compound is more complex, but an
orbital model is developed to follow the change in Cull charge density with both oxygen
stoichiometry in YBa,Cu;O;_; and also the geometrical changes with temperature and
stoichiometry. The focus is on the details of electron transfer to the Cu' chains. As indicated by
tight-binding calculations, the relative placement of the x2-y? bands of Cu! and the z2-y2 band of
Cu'™ is a sensitive function of the Cu-O distance and the puckering of the Cu"O? sheets. For §=0
in the observed structure, the two bands overlap such that charge transfer to the chains is allowed,
but at the same time the integrity of the two types of copper atoms is maintained as Cu'' and Cu"l.
For =0 in the idealized structure where the planes are not puckered and all Cu-O distances are set
equal, the two bands overlap so much that this integrity is lost. For §~0.6, after the c-axis anomaly
has shortened the Cu(1)-O(1) distance, charge transfer is completely switched off. At this point T, is
seen experimentally to rapidly drop. Our major finding is that the details of the electronic structure
are crucially dependent upon the geometry. We show how the puckering of the Cu'O, sheets has
similar orbital origins to the tetragonal-to-orthorhombic distortion of the 2:1:4 compound. Some
structural alternatives are examined for the 1:2:3 stoichiometry using similar ideas. KY,Cu;0, and
AgLa,Cu;0, might be possible synthetic goals for a material with the same stoichiometry as the
1:2:3 compound but with a different structure. For the 1:2:4 compound YBa,Cu,Og, which contains
double chains in place of the single chains found in the 1:2:3 system, some of the copper atoms have
to have nonintegral oxidation states. We show that a striking feature of the electronic structure is
how the geometry of the system naturally allows such a process to happen. The recently made ma-
terial Pb,Sry(R ., M")Cu;04. ,(2:2:1:3) (R is defined as one of the lanthanide elements and M is a
divalent metal) exhibits structural-electronic features found in the 1:2:3 and in the 2:1:4 systems.
Using the simple electronic ideas developed earlier it is suggested that there may be two reglons
where superconductivity should be observed, one for low and one for high x.

I. INTRODUCTION

1 NOVEMBER 1989

The series of high-T, copper-containing oxide super-
conductors that have been synthesized and characterized
over the past two years' ™7 have provided us with an al-
most unparalleled set of structures with which to eventu-
ally uncover the basis for their astonishing electronic
properties. One of the important steps in this direction is
associated with understanding the factors which control
some of the geometrical aspects of these interesting struc-
tures, and how the electronic band structure using a sim-
ple tight-binding model is sensitive to them. (A second
step towards the understanding of the normal conducting
state of these materials is then the addition of many-body
effects to such a basic one-electron picture). We have
been encouraged in this venture by progress made by
chemists in recent years in the understanding of the
structures of many solid-state materials using tight-
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binding theory.® ! While certainly not the method of
choice for the identification of the lowest energy
geometry for an atomic collection of given stoichiometry,
it has proven very useful for following changes in relative
stability with electron count and identifying features
which may stabilize a particular geometry. In qualitative
terms of course, it has long provided a framework upon
which to develop bonding ideas for solids. At present it
is perhaps the most sophisticated approach to structural
energetics which is tractable for these complex materials.
The present series of compounds are particularly interest-
ing in that the variation in T, as the composition is sys-
tematically changed is now firmly established for two
series.

In this paper we will study, using tight-binding theory,
several aspects of the electronic control of the geometry
of some of these materials, recognizing that the bond
lengths and angles associated with the many linkages
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shape in a direct way the form of the electronic density of
states of the system, and presumably the superconducting
properties of these systems. It is interesting that there
exist already correlations'!"!? between T, and the mean
Cu-O distance (or the related Cu-Cu distance), and with
the average electronegativity of the other atoms present
in the solid, two indications that the nuances of chemical
bonding are important in controlling 7,. We stress at
this early stage, however, that a detailed understanding of
the properties of these materials will only come about by
the addition of the many-body part of the problem to this
simple one-electron description. There have, of course,
been several band structure and related calculations on
these superconductors (for example, see Refs. 13-27), but
those described here will cover a wider spectrum of ma-
terials and distortion modes and structural alternatives.
What we will show is that the details of the form of the
electronic density of states, and the way the bands are
filled with electrons, is crucially dependent on the struc-
ture.

The version of tight-binding theory that we will use
requires  solution of the secular determinant
|H(k)—S(k)E|=0, where H(k) and S(k) are the Hamil-
tonian and overlap matrices, using the extended Hiickel
formalism.?® The S;; are evaluated directly from atomic
wave functions (Slater-type orbitals) and the H,; evalu-
ated using one of the Mulliken approximations
H;=0.5KS;(H;+H;) with K=1.75. The H; them-
selves are estimated from atomic spectral data. The re-
sults we will describe below come from such complete
tight-binding calculations involving copper 4s, 4p, and 3d
orbitals and oxygen 2s and 2p orbitals (the parameters are
given in the Appendix) without the assumption of basis-
set orthogonality. [That is, the common approximation
S;;=298;; is not used in S(k).] Such an implementation of
tight-binding theory naturally includes, therefore, in-
teractions, not only between metal and oxygen orbitals,
but those between metal and metal and between oxygen
and oxygen. In general, interactions between all pairs of
orbitals separated by less than three unit cell measures
are included. Beyond these distances direct overlap is
generally negligible for the structures we will study. Of
course, formally left out of our calculations aré all of the
many-body effects, which we know are important ener-
getically. However, such simple models have been very
useful in the past to view a whole range of systems. If we
realize that the (ill-defined) one-electron Hamiltonian of
the model actually contains corrections for some of the
many-body terms left out of the formal model, then its
success is a little easier to understand.

In Sec. II we will examine in a general fashion the
structural chemistry and d-orbital energy level patterns
for various copper oxide geometries. In Sec. III these
ideas are used to generate the band structure of the 1:2:3
compound as a function of the geometrical variables of
the structure. The power of the method comes to the
fore here as the influence of distortions, vacancies, and
the “c-axis anomaly” are readily examined. Section IV
derives some structural alternatives for the 1:2:3 com-
pound and includes a discussion of the electron limita-
tions associated with each. Section V examines a related
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structure, that of the 1:2:4 compound. Section VI exam-
ines the orthorhombic-to-tetragonal distortion of the
2:1:4 compound, and shows the importance of electronic
effects here, and Sec. VII applies the ideas generated for
these superconductors to the recently discovered 2:2:1:3
compound.

II. ENERGY LEVELS IN COPPER OXIDES

In this article we shall be largely interested in the ener-
gy levels and bands associated with the copper 3d and ox-
ygen 2p orbitals of these fascinating systems. The band-
width clearly plays an important role in controlling the
occurrence of the metallic state, and the relative energet-
ic location of the different bands controls their electronic
occupancy. The focus will be the relationship between
these parameters and the geometrical structure of the sys-
tem. The structural chemistry of copper is probably
unique amongst the elements of the periodic table. It is
true to say that its enormous diversity is associated with
its position at the end of the transition-metal series such
that its structural chemistry reflects aspects of
transition-metal chemistry, main-group chemistry, and
features which are not observed in either. One of the
striking features of the structural chemistry of Cu'! is the
considerable plasticity of its coordination shell.? Thus,
there is a continuous progression, exemplified by a series
of complexes and extended solid-state arrays, from a reg-
ular octahedral geometry to one where two trans ligands
are missing (the square-planar geometry). Other variants
of this are found, from square pyramids containing rela-
tively short, to quite long, distances from metal to apical
atom. Such structural effects are often lumped together
as “Jahn-Teller” distortions, although on closer inspec-
tion this label is not always strictly applicable.°

From a chemical point of view the electronic structure
of these materials may be built up by consideration of the
energy levels associated with local coordination
geometries. We will see that this provides a very useful
aid in understanding the level shifts of the bands them-
selves as the structure is changed. Through-bond cou-
pling in oxides is generally considerably smaller than in
sulfides. This means that in perovskites,31 for example,
with octahedral coordination of one of the metal atoms,
distinct 7,, and e, bands are found. (Sometimes of course
they may overlap a bit.) Although, as described above,
our numerical results are obtained by allowing interac-
tions between several different types of orbitals, simple
perturbation theory ideas are useful in understanding
their geometrical dependence.’? For two orbitals i,j
separated in energy by AE, the energy shift Ae on in-
teraction is given to second order by H,zj /AE. Tradition-
ally the interaction integral H;; is set proportional to the
overlap integral S;; between the two orbitals as described
above. This integral depends upon the distance r between
the two centers holding the orbitals i,j and also their an-
gular orientation (6,4) such that S;;=3,5,(7)f(6,¢,)
where A represents the angular momentum components
associated with the chemical ideas of o, 7, and § interac-
tions. The functional dependence of S, (7) depends upon
the details of the atomic wave functions |i ), |j ), but the
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f(0,0,]) are readily determined from the spherical har-
monics themselves and are tabulated in several places.’?
If, because of the geometry of the problem, o and =
bonding are separable and & interactions precluded
by symmetry, as they are in the instances we shall
discuss, then we may introduce an energy parameter
e, to describe a particular interaction and write
Ag, < S2(r)f2(0',¢",0), which leads to Ag,
=e,(r)f%0',¢',A) for a specific orientation (8’,¢’) and
for the two cases of A=oc,w. This approach has been
termed®>3 the angular overlap method because of its
strong reliance on the ready identification of the form of
the angular part of H;;. In the spirit of second-order per-
turbation theory the total interaction energy between, for
example, a central transition metal orbital and a set of
ligand orbitals is then given by a sum of such terms and
the interaction energy Ae written in terms of units of e, .
Now we know that the interaction between metal and ox-
ygen level is strong, and so in a strict sense just adopting
the leading term in a perturbation expression is not going
to be particularly accurate here. However, we shall find
that the qualitative use of such an approach is very useful
in understanding the electronic structure of these materi-
als. The quantitative details come of course from the nu-
merical calculations themselves.

Figure 1 shows pictorially the form of the f(6',¢',A)
for transition metal-oxygen o and 7 interactions for the
geometrical situations we shall encounter, and Fig. 2 the
evaluation of the energies of the transition-metal d orbit-
als as a result of such a summation. The energy scale is
in units of e;, and since o bonding is generally more en-
ergetically important than 7 bonding, e, >e_. It should
be remembered too that these parameters depend upon
the internuclear separation. In general terms, over the
region associated with chemical bonding distances, they
increase in magnitude as the distance becomes shorter.
Thus, of interest to us later, the x 2-p2 orbital (actually in
the axis system chosen for the 1:2:3 compounds this will
be the z%y? orbital) in a square-planar geometry with
short Cu-O distances will lie higher in energy than the
x2-y? orbital in a square- or square-pyramidal geometry
with longer Cu-O distances. As the details of the
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FIG. 1. The f(6',¢',A) of the angular overlap model for o
and m-type interactions with metal d orbitals.
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geometry change the relative energetic placement of these
two orbitals will also change, but in a predictable fashion.
Notice too the drop in the energy of the z2 orbital either
as a single atom or as a pair of trans atoms are removed
from the octahedron. This is a direct result of the loss of
antibonding interaction of the atoms involved with the
large lobe(s) of z2. The energy levels associated with the
T-shaped unit is a little more complex to evaluate since,
because of the lower symmetry, two d orbitals mix to-
gether. The method of tackling such problems is de-
scribed elsewhere.3?> Shown in Fig. 3 is the effect of mov-
ing the metal atom out of the plane of four ligands to
convert a four-coordinate square geometry into a tetrago-
nal pyramidal one, or to give a five-coordinate square-
pyramidal structure an apical-basal angle (£) greater than
90°. (We just show the energy changes associated with
the highest two orbitals.) The result is a drop in energy
of the x2y? orbital in both cases. Quantitatively this is
easy to evaluate; the angular dependence of o overlap
with a lobe of the x2-y2 orbitals is (V'3 /2)sin*(£). Argu-
ments such as these will be very useful to us when we ex-
amine the form of the electronic densities of states com-
puted for these copper oxide structures.

This d-orbital-only model is of course a simplification.
In the square-planar geometry the z2-orbital may mix
with the transition-metal 4s orbital, resulting in a stabili-
zation of the former.>* In molecular Pt!! complexes this
has been estimated® as being worth e,. A similar stabili-
zation takes place in the square-pyramidal geometry, but
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FIG. 2. Angular overlap energy level diagrams for five
different coordination environments imporrant in these materi-
als.
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FIG. 3. Schematic variation in energy of the two highest en-
ergy orbitals, either of the square pyramid or the square plane,
as the axial-basal angle £ is changed.

here is associated with both 4s and 4p, orbitals. An ad-
mixture of z2 and s orbitals has been suggested®®3¢ as the
feature which determines the almost universal Jahn-
Teller distortion of octahedral complexes of two long and
four short metal-ligand distances rather than a distortion
in the opposite sense. In some square planar molecular
complexes of Pt spectroscopic results have indicated®’
that the z2 orbital lies deeper in energy than the m-type
orbitals of the system. Thus we can anticipate that for a
nonoctahedral d° Cul! system, where the highest occu-
pied band will certainly be that associated with the x2-y?
orbital, the next highest could either be a 7-type band or
that derived from the z2? orbital depending on the
geometry. In the solid these levels will be broadened into
bands and their width will depend upon similar overlap
considerations. The question of the 4s and 4p orbitals is
an interesting one for the structures and properties of
solids. Their interactions in molecules are extremely im-
portant,*3® and range from determining the nuances of
structural and kinetic problems of transition-metal com-
plexes to the intensities of d-d spectral transitions. In the
solid state the importance of such higher energy orbitals
has been already recognized in studies of the structures of
the elemental transition metals, for example.

III. THE 1:2:3 COMPOUND YBa,Cu;0;_;

Electronic structure

The crystal structure of the 1:2:3 compound, the first
90 K superconductor,” YBa,Cu;0,_g (where 0<8<1) is
shown® in Fig. 4. We show two views that emphasize
different features of the structure. We shall use in this
paper several different styles of picture to highlight these
various points, since the details of the structure will be
very important to us. The basic geometrical arrange-
ment, by now well established, is simply derived from the
perovskite structure by the omission of some of the oxy-
gen atoms. The hypothetical defect-free perovskite
would have the formula YBa,Cuj;O,. Such defect
perovskites are in fact quite well known. We, for exam-
ple, have already studied theoretically®! the ordering pat-
terns in the material Ca;Mn;0; 5 (i.e., CaMnO, s), which
may be generated by heating the parent perovskite
CaMnOj;. The building block in CaMnO, s is the square
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FIG. 4. Two views of the 1:2:3 structure, YBa,Cu;0,_5 with
8=0. In (a) the site called O(5) in the text, and partially occu-
pied for systems with 8 >0, is labeled with an asterisk ().

pyramid. In the 1:2:3 compound there are square planes
and square pyramids. 7, varies*® with oxygen
stoichiometry in a most interesting way (see Diagram 1).

100K
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oK \

S —

YBa,Cu,0, YBa,Cuz0¢

For low 8 it appears to be almost flat. There then follows
another plateau region before T, rapidly drops.

A question that needs to be answered is why for $=0
are the vacancies ordered in this particular way. Later
we will examine some possible alternative structures. As-
signment of oxidation states,!! formal labels used by
chemists to keep track of electrons, is a useful first step.
To help us we know that certain geometries are often as-
sociated with particular electronic configurations.
Square-planar coordination is a geometry always found
for low-spin (diamagnetic) d® systems (for example Cu'™)
but occasionally for d° systems (for example Cul)).
Square-pyramidal arrangements are typical of d?® systems
(for example Cul)). Linear, two coordination is typical
for d'°© systems (for example, Cu!). The T-shaped
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geometry, important in our discussions for § > 1, is a very
uncommon one. It is found*! in a single molecular Rh-
containing complex with a low-spin d® configuration,
where it can be understood theoretically.’> Here the an-
gle at the top of the T is 154° rather than the 180° expect-
ed for the idealized geometry. For copper it is so
unheard of that one researcher*? has termed it an “abnor-
mal” geometry. For Cu! the known three-coordinate
geometry closest to the T shape is probably the distorted
triagonal plane found*® in the series of cyanide complexes
KCu,(CN), where x =1,2 and y =2,3.

In YBa,Cu;O,_5 for 8=0, diffraction studies have
shown that the site labeled O(5) is empty, and so using
this correlation between oxidation state and local
geometry, the following picture emerges. The structure
consists of Cu'l(2)0, sheets linked by rather long Cu(2)-
O(4) linkages to Cu'™(1)O, chains. The sheets thus con-
tain roughly square-pyramidal Cu'' atoms while the
chains contain Cu' atoms in approximately square-
planar coordination, leading overall to an orthorhombic
structure (Pmmm). For §=1, all of the atoms labeled as
O(1,5) are missing, the square planes have been replaced
by linear O-Cu’-O dumbbells, and now the structure is
tetragonal (P4 /mmm).

Such a viewpoint is confirmed by the correlation be-
tween the computed band structure and the qualitative
picture that we would get by using the ideas of the previ-
ous section. Figure 5 shows how the orbital diagrams as-
sociated with these local units get broadened into bands
in the extended solid. Since the electronic area of interest
lies between d® and d'° we shall concentrate on the be-
havior of the x2-y? and z2-y? bands. There are twice as
many x2-y? levels as there are z2-p? levels, reflecting the
stoichiometry of the material. In pictures of this type we
will generally indicate the relative numbers of levels via
the width of the box depicting the band. The picture that
results shows two half-full bands corresponding to x 2-y?
orbitals on the two Cu!' atoms, and an empty z%y? band

1s d® cu' (short Cu-0)

FIG. 5. Broadening of the levels of local fragments into ener-
gy bands in the expected solid for the 1:2:3 structure. Only the
two highest levels are shown.
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on the Cu! atom. (This is a simplification we use for
now. It will be slightly, but crucially, modified later.)
This z2-p? label is simply an x2-p2 orbital in a different
orientation. Notice that the z?-y? band associated with
the chain atoms lies to higher energy than the x >-y? band
associated with the plane atoms. This is a natural conse-
quence of the shorter average Cu-O distance in the chains
compared to the planes which gives rise to a larger value
of e, for the former. If the Cu(1)-O distances were the
same as the Cu(2)-O distances the two bands would occu-
py very similar energetic positions. There is an impor-
tant observation concerning the symbiosis of electronic
and geometrical effects in the structure. The way the
atoms are connected in this arrangement allows structur-
al flexibility for the chain atom coordination in the sense
that the Cu(1)-O(4) distance is not fixed by the coordina-
tion demands of other atoms. It is able to adjust to such
a length that the z2-y2 band lies to higher energy than the
x2-y? bands, and so preserve the Cu!! and Cu™ Ilabels.
We will see a similar effect below when discussing pyram-
idalization at Cu' in the observed and possible alterna-
tive structures for this stoichiometry.

The bandwidths and energetic location of the bands
from our calculations are somewhat different from those
found from other methods. This is a typical result of
one-electron calculations of this type, both in molecular
and solid-state areas. We have made no attempt to
parametrize our calculations to mimic the results of nu-
merically much-better ones. Experience tells us that the
basic ideas concerning the electronic structure and how it
changes on distortion will be similar, since so many of the
details of the band structure are controlled by symmetry,
overlap, and electronegativity differences between the
basis orbitals of the problem. The numerical details of
bandwidth and location may well be somewhat different,
but unless we want to compare them with experiment
(which we do not in general), these differences will not be
important in those geometrical aspects of the structure
we wish to study.

The oxidation state formalism and these d-orbital la-
bels have been used to describe these energy bands. As
we have noted the former is just a way of keeping track of
electrons; we do not mean that the charge on the metal is
+2 for a Cu'’ atom. Neither does the description of such
a species as a d° system imply a similar charge distribu-
tion. It does, however, allow us to understand the place-
ment -of electrons in energy levels and bands very well.
Similarly when describing these energy levels and bands
as xz-y2 or z? these are useful labels; we do not imply
that these orbitals contain 100% metal character. As we
have noted earlier they are heavily mixed with other or-
bitals, and it is quite possible that the oxygen contribu-
tion is the larger one. Sleight has emphasized the correct
“chemical” use of these labels elsewhere.!!"!2

Orbital description

This question of orbital description is an interesting
one, and one which is strongly dependent on the location
of the level in the band (or rather the point in k space).
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FIG. 6. Dispersion along one of the symmetry directions of
the Brillouin zone of the three highest energy bands of the
valence shell. There are two x2-y? bands, shown with the thick-
er line, one symmetric and the other antisymmetric with respect
to the mirror plane which runs through the Cu(l) atoms. A
generic orbital description of one sheet of these x2-y? bands is
shown.

Figure 6 shows the dispersion behavior of several of the
energy bands along one of the symmetry directions. The
energetic behavior and description is simplified because
the ---0O-Cu-O-Cu--- linkages run in perpendicular
directions, and in the idealized structure where there is
no sheet puckering, all angles are either 90° or 180°.
There are two, nearly degenerate x2-y? bands for the
square pyramidal Cu(2) atoms. These two bands are re-
spectively symmetric and antisymmetric with respect to
the mirror plane passing through the central copper atom
Cu(l). Notice that the bottom of each band lies at the
zone center, and, if the axial-basal angle of the square py-
ramid is 90°, involves by symmetry the antibonding in-
teraction between the metal x 2-y? orbital and the oxygen
2s orbital located on the atoms in the planes. The top of
the band lies at the zone edge and involves by symmetry
the antibonding interaction between the metal x2-y? or-
bital and the oxygen 2po orbital lying in the planes.
(There are too contributions from copper 4s and 4p orbit-
als respectively at these two points in the zone.) Decreas-
ing the metal-oxygen distance will result in larger interac-
tions of both types, and the mean band position will move
to higher energy. Since the interaction with oxygen 2p is
larger than that with 2s (understood via second-order
perturbation theory arguments), the width of the band
will increase with decreasing distance. It is interesting to
see how the symmetric and antisymmetric bands split
apart in energy. If a =b and the axial-basal angle of the
square pyramid is 90° then by symmetry there can be no
coupling between the two metal x 2-p2 orbitals as has been
mentioned elsewhere.?” However, in the real structure
there is an asymmetry between a and b and the x2y? or-
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bital mixes with the 4s orbital on the same atom. Now,
as shown in Diagram 2

O S
O ®8® SIS % ’
the x2-p? orbitals on Cu(2) may couple through sym-
metric (s, x2, and z2-p?) and antisymmetric p orbitals on
Cu(1). Our calculations show, however, that the effect is
actually quite small.

As we will see later the puckering of the sheets in the
1:2:3 compound is very important. The change in the
form of the wave function on puckering is quite striking.
An admixture of p, character into the oxygen orbital con-

tribution rapidly becomes important, as shown in Dia-
gram 3.

NONSHOEENONS

N §\g/

On bending this orbital starts to develop some lone-pair
character on oxygen.

Distortions of the structure

There are three distortions of the structure which we
will examine here. The first is the movement of the
square-pyramidal copper atom out of the plane of the
basal oxygen atoms to give an apical-basal angle greater
than 90° and results in a puckered Cu(2)O, sheet. The ac-
tual structure is distorted in this way [see Fig. 4(a)] and,
as we will see, this plays an important role in controlling
charge transfer. The second distortion is the alternate
shortening and lengthening of adjacent Cu—O bonds in
both directions of the CuO, planes: a breathing type of
motion which is not found as a static distortion (within
experimental error), and may or may not (depending
upon the viewpoint) play a crucial part in the supercon-
duction process. The third is the change in a and b,
specifically b —a, important not only in understanding
what happens when the system is cooled, but also when
the stoichiometry is changed.

Increasing the apical-basal angle above 90° leads to a
reduction in the overlap of the ligand orbitals with the
metal xz-y2 orbital as shown in Fig. 3. In fact, there is a
more complex rehybridization of orbitals which takes
place at the metal center and is described in Ref. 34.
Since the interaction is an antibonding one, a stabiliza-
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tion of these levels results. Our calculations do indeed
show a drop in the mean energy of this band [Fig. 7(c)]
and a stabilization of the structure as a whole [Fig. 7(a)].
The puckering energetics are also influenced by the bend-
ing at oxygen. With a total of eight valence electrons
(four pairs) a bent geometry is expected here. However,
7 bonding stabilizes the linear geometry, and bending at
oxygen is often quite soft,3* leading to, for example in the
silicates, a whole range of Si-O-Si angles. For the present
discussion the most important electronic result of the
puckering is the drop in energy associated with the x 2-y?
band in accord with the result of Fig. 3. However, we
would expect an analogous destabilization of the corre-
sponding bonding orbital, such that overall the net effect
should be to resist such bending. Since the energetic
effect of antibonding orbitals is considerably larger than
that associated with their bonding partners as shown
schematically in Diagram 4,

antibonding

bonding

distortion coordinate

one often finds that the energetics associated with distor-

(@)
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tions of molecules and solids are controlled by the highest
occupied levels or bands. (See the discussion in Ref. 34.)
This comes about on the present model via the inclusion
of overlap in off-diagonal terms in the tight-binding cal-
culation. Similar electronic effects are found in many
areas of chemistry. For example pyramidal CX 3 (X=F,
Cl, etc.) molecules are found to be contrasted with the
planar structure for CH;. In CX; both m7-bonding and
m-antibonding levels are occupied and the two orbital-
four electron destabilization at the planar geometry is al-
leviated by bending.** For CH, there are no m-type orbit-
als. In the copper oxide system the relevant orbitals are
of o type. The prediction of the model Diagram 4 is that
as electron density is added to the x2-y2? band then the
driving force for puckering is increased and a more puck-
ered structure will be found. There are other solid-state
examples of the same type. One that involves a 7-type in-
teraction is that of the planar or pyramidal geometry at
oxygen in the MO, structures of rutile (planar) and CaCl,
(pyramidal). The planar structure is found for low elec-
tron counts where antibonding orbitals are not occupied,
but by the time the 7* levels are full (at d°) the pyramidal
structure (the analog of the puckered structure in the
copper oxides) is favored.*

Figure 7(b) shows the variation in the total energy on
distortion for the 1:2:3 compound for the low-spin d°
configuration where none of the o antibonding orbitals
are occupied. Thus the observed angle at d%% is a bal-
ance of the two effects, namely the stabilization of x2-y?2
and the destabilization of the deeper-lying orbitals. A
similar electronic picture involving this orbital will be

(b)
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FIG. 7. Energetic changes on puckering the CuO, planes of the 1:2:3 structure. (a) Total one-electron energy for d%%. (b) Total

one-electron energy for d°. (c) Orbital energy for x 2-y2.
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found below in the tetragonal-orthorhombic distortion of
the 2:1:4 compound, where there is clear experimental
evidence to show that the driving force for the distortion
is controlled by the occupancy of the x%y2 band. The
form of the wave functions changes too as a result of the
distortion as we have described above. A calculation that
includes the Y atoms reproduces quite well (£,,;,=96.5°)
the observed geometry® in the 1:2:3 compound. Here
there are two different angles along @ and b with an aver-
age of £=97.9°. (We shall examine later the role of the Y
orbitals here.) Also in accord with the idea that anti-
bonding interactions are relieved on bending, we find an
increase in the Cu—O bond overlap population as the
distortion proceeds. In practice a feedback process is at
work here which we cannot model accurately. As the
distortion away from £=90° proceeds this strengthening
of the Cu—O bond should result in a shortening of the
Cu-O distance. The angle change and bond shortening
will work in opposite directions in broadening the x2-y?
band. We will return to this distortion in Sec. VIII.
The second distortion, shown in Diagram 5(a),

jjgﬁ

(b)
(a)

(c)

and described as a “breathing” motion within the CuO,
planes, is one which has been associated with the “dispro-
portionation” mechanism of superconductivity favored
by many in the chemical community (see, for example,
Ref. 45 and the series of articles in Ref. 6). Figure 8
shows how the densities of states associated with the
x2y? bands change under such a motion. As the dis-
tances around one copper atom contract, the band 4 is
pushed to higher energy and becomes largely associated
with this copper atom. As the distances around the other
copper atom expand, the band B moves to lower energy
and becomes largely associated with this second type of
copper atom. Overall the effect is to transfer electrons
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FIG. 8. Changes in the x2-y? densities of states on breathing
[Diagram 5(a)].

from A to B, and as a result the copper atom with the
shorter Cu-O distances becomes more Cu''like and the
copper atom with the longer Cu-O distances becomes
more Cu'-like. There have been suggestions that strong
electron-phonon coupling of this type can provide a
mechanism for superconductivity. This applies both
to the copper-containing systems (where it involves
2Cu'»Cul/Cu™) and the copper-free  system
Ba, _,K,BiO; (where it involves 2Bi'Y —Bi! /Bi"). In-
creasing and decreasing the Cu-O distances by an amount
equal to the magnitude of the thermal vibration parame-
ter associated with the Cu-O distances, determined exper-
imentally from neutron diffraction studies®® on the 1:2:3
compound, leads to a calculated charge transfer of 0.22
electrons. Notice that although there are two x2-y2
bands (the symmetrical-antisymmetric pair) split apart by
a small amount in the undistorted structure, there is no
charge transfer from one copper atom to another until
two geometrically distinct sites are produced via a distor-
tion.

Energetically we find by calculation a stabilization for
such a distortion. This is shown in Fig. 9 as a function of
d count. Such global pictures are very useful in under-
standing the origin of such distortions. Using the
language of the moments method**~*® (described in
greater detail in Sec. IV) the shape of the curve associated

0.1
0.0 ‘_/_\//—\ |
; 4
L 01
wl
<
0.2
0.3 4 breathing stable
0.4 — T T
0 2 4 6 8 10

d Count
FIG. 9. Computed stabilization energy of the breathing mode
[Diagram 5(a)] in the 1:2:3 compound as a function of the aver-
age number of d electrons per copper.
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(a) (b)

FIG. 10. A hypothetical structure (a) which during a dispro-
portional distortion (b) leads to square-planar Cu' atoms and
two-coordinate Cu' atoms.

with d-orbital configurations corresponding to the occu-
pancy of x2-y? and z? orbitals is a fourth-moment one,
typical of Jahn-Teller and Peierls distortions. Left out of
our simple one-electron calculations, however, are the
Coulomb terms and these are clearly important in con-
trolling the distortion energetics. In particular the on-
site repulsions associated with the two electrons in the
x2-p? band of the Cul-like atoms will destabilize such a
distortion. Similar comments apply to other compounds
containing sheets of square planar Cu!' atoms. The size
of these terms are difficult to evaluate. From values of
atomic ionization energies* the disproportionation reac-
tion 2Cu!'—Cu! /Cu'™ costs 16.54 eV. For the bismuth
case, 2Bi'Y —Bil'l/Bi", it costs much less, 4.7 eV. For
gold 2Au"— Au'/Au™ the figure is 13.5 eV. Dispropor-
tionation is observed both in BaBiO; and in CsAuCl; and
so these figures need to be modified for use in the solids
under consideration. There is a good case to be made
that the Cu—O bond is less covalent than the Au—Cl
one, and thus the gas-phase figure will be reduced more
by chemical bonding in the latter.

There is though another problem with a large ampli-
tude motion of this type in these copper-containing
systems. As the breathing distortion proceeds® in the
BaBiO; system, one bismuth (Bi") develops four short
Bi-O distances and another (Bi'") four long Cu-O dis-
tances. Such a disortion is a perfectly acceptable one
since octahedral coordination with these dimensions are
known for both of these bismuth oxidation states. How-
ever, as the distortion in the CuO, plane increases, the

d count = 8.667

~4.67 4

E(eV)
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geometry of one half of the structure is composed [Dia-
gram 5(b)] of a copper atom with four tightly bound oxy-
gen atoms (clearly Cu'™-like) and the other half of a
copper atom with four loosely bound oxygen atoms. It is
this second arrangement that electronically should be
Cu'-like, which we find unlikely for this oxidation state of
copper. This observation may argue against a large static
disortion of this type. It is thus possible that the large
Coulomb U associated with such a disproportionation
has a structural component too. (Our one-electron calcu-
lations are not at all good at accurately mimicking the
energetics associated with breaking bonds and so we can-
not lean on our computed energetics to help us here.) It
is not possible to find a distortion that leads to a square-
planar Cu'! and dumbbell Cu' moities for large ampli-
tude distortions of the 1:2:3 structure. Figure 10 shows
an alternative structure where such distortions are possi-
ble but this corresponds to a stoichiometry of
(A4,B);Cu304 55. Such a species would need a mixture of
three- and four-valent ions for 4 and B. We shall investi-
gate later a structural alternative for the 1:2:4 compound
which is not known and contains Cu™ and Cul.

There is an interesting motion, a hybrid of the two
which we have described, which also might be important.
This is shown in Diagram 5(c). The motion involves
movement of the copper atoms only of the sheet, and
these move up (labeled with a +) and down (labeled with
a —) from their equilibrium positions in a coupled
fashion. As the puckering decreases around one site ( 4)
the Cu-O distances to that copper decrease accordingly if
the cell dimensions remain unchanged. The converse is
true at the other site (B). As far as the relative energies
of the x2-y? bands are concerned they look similar to that
of Fig. 8 with its 4 and B labels. The effect is somewhat
larger here since the shift in band location is compound-
ed by the effects of bond stretching (contracting) and
sheet puckering (flattening). This motion is particularly
interesting in that since there is no oxygen atom move-
ment, the oxygen isotope effect associated with it should
be zero.

The third distortion we will study is that of changing
(b —a). Figure 11 shows the energetic behavior of such a
distortion with electron count. Close to the electron
counts important for the 1:2:3 compound, the sensitivity

d count= 8.333
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FIG. 11. Computed changes in the stabilization energy associated with increasing b —a for two electron counts.
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TABLE 1. Parameters used for the calculations.

Atom Orbital H; (V) &° c,® &° c,®
o 2s —32.30 2.275
2p —14.80 2.275
Cu 4s —11.40 2.20
4p — 6.06 2.20
3d (Cuy —14.0 5.95 0.5933 2.30 0.5744
3d (Cully —14.6 5.95 0.5933 2.30 0.5744
Y 5s — 8.0 1.60
5p — 3.0 1.60

2Slater-type orbital exponents.
Coefficients of a double-£ expansion.
‘See text.

of the distortion sharply changes. This is easy to under-
stand. While the x2-y? bands of Cu(2) are filling, the sys-
tem should be resistant to distortion since there are anti-
bonding interactions with x2-y? along both a and b. In-
creasing the antibonding interactions along one direction
will more than offset the decrease in antibonding interac-
tions along the other. However, as soon as the Cu(l)
z%-p? band starts to fill, such symmetry is lost and elec-
trons are placed in an orbital which is strongly antibond-
ing along the b direction. We can therefore understand
the calculated stabilization associated with such a distor-
tion. Our one-electron computations are not reliable
when it comes to predicting equilibrium bond lengths,
and so although we know that larger values of b —a are
to be expected when this band starts to fill we do not
blindly follow the implication of Fig. 11 that the system
will fall apart along b.

There is one further important electronic point which
influences the distortion energetics. Until now we have
avoided the question of the choice of parameters for the
calculations. Following our long-standing philosophy we
have used standard literature values®? for the copper and
oxygen orbitals. In fact, since there are two different
copper atoms, ostensibly Cu'' and Cu', in the structure
we should really use deeper-lying atomic parameters for
Cu'! than for Cul. Indeed in the real (i.e., observed)
geometry for the 1:2:3 compound, use of the same copper
parameters for both atoms leads to a computed result
where the bottom of the z2-y? band of Cu'! lies very close
to the half-filled point of the x2-p? band of Cu'l, but still
above it. Increasing the size of H,; for Cu'! relative to
that of Cu'! leads to the band overlap we describe above
and the charge transfer we consider so important. The
difference between the two H,; values will be a sensitive
function of the charge transfer. Self-consistent charge
calculations designed to model this behavior did not con-
verge but the value shown in Table I (see Appendix) is
consistent with the computed charge difference between
the two copper atoms and the experimental dependence
of copper 3d ionization potential on charge.** The actual
electron count at which the sign of the distortion energet-
ics changes (Fig. 11) is on this model sensitive to the
choice of H,; parameters for the two copper atoms
Cu(1,2). From our calculations as the Cu(l) becomes

more electronegative the crossover occurs at lower d
counts, a result easily understood.

The way the bands change in energy with b —a is in-
teresting. As we have mentioned, the increase in the
strength of antibonding interactions along one direction
coupled with a decrease in antibonding interactions along
the other effectively leads to no change in the width or
position of the x2-y2 bands of Cu(2). However, increas-
ing b will lead to a drop in these parameters for the Cu(1)
z2-y? band. Diagram 6

222

2 .2

e[

74,

increasing b-a

6

shows schematically the change in the calculated density
of states for this process, in agreement with our simple
model. (Recall that in pictures of this type we will gen-
erally indicate the relative numbers of levels via the width
of the box depicting the band.) The important result for
later use is that the z2-y2 band drops in energy with in-
creasing b.

Charge transfer between planes and chains

We are now in a position to investigate the question of
charge transfer between chains and planes.’’>>> While in
the 2:1:4 compound (La,_, Sr, CuO,) the electron density
in the x 2?2 bands is broadly controlled by the amount of
strontium doping, the corresponding feature in the 1:2:3
compound is determined by the geometrical effects we
have described above. The broad brush model we have
suggested so far involves two half-filled x ?-y? bands locat-
ed on the Cu'! atoms in the planes and an empty z2-y?
band associated with the Cu'! atom in the chains. In fact
the bands overlap sufficiently that electron transfer takes
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place from the former to the latter making the Cu'
atoms more Cu''-like and the Cu'! atoms more Cu'l-like
(Diagram 7).

22 - y2
x2 - y2
7
% /7.
%
planes chains

This overlap is very important since it removes the possi-
bility of several effects associated with half-filled bands.
As the transfer increases, the tendency for the opening of
a Hubbard gap, and the tendency for a Peierls distortion
or other instability is reduced. Recall, for example, the
dramatic change in the energetics of the distortion shown
in Fig. 9 on moving away from the d % configuration
corresponding to a half-filled x2-y? band. (A similar
effect should pertain for the case where electron transfer
to the band occurs.) A diamagnetic metallic state is
thereby encouraged. Thus on this model the chains play
a similar role in the 1:2:3 compound as Sr doping does in
the 2:1:4 compound. In La,_,Sr CuO, itself supercon-
ductivity is found as x increases past approximately
0.055; i.e., 0.055 electrons are removed from the x2-y?
band of the copper. In our simple model then the chain
bands must remove a similar amount of electron density
from the planes before the 1:2:3 system becomes a super-
conductor. We note the experimental correlation (see the
collation of data in Ref. 42) between 7, and the Cu'l!
content of the superconductor which bears directly on
this point. [Parenthetically we draw attention to the re-
port>® of an increase in Cu(1)-O(4) distance in the 1:2:3
compound around T,. Since the z2-y? band is Cu(1)-O(4)
antibonding, changes in electron density should show up
in such changes in bond lengths.] Also, we note> the ap-
parently monotonic drop in T, with zinc doping. Zn" is
a d'° system, and substitution of Cu(2) by zinc will tend
to fill up to half full the x2-p2 band, thus eventually
switching off the superconductivity. (This occurs for
close to 14% zinc.) Crudely assuming equal densities of
states for the three bands at the Fermi level, this corre-
sponds to the addition of about 0.043 electrons per Cu(2),
a similar figure to that just quoted for the 2:1:4 com-
pound. (This assumes, of course, that the zinc is simply
present as a provider of an extra electron compared to
copper and does not play a larger role.)

By how just the band overlap changes, and therefore
how much electron density is removed, depends crucially
on the geometry of the system. We have noted above
that the interaction energy between a ligand orbital and a
metal d orbital has a well-defined angular dependence.
Thus, as the apical-basal O-Cu-O angle increases from 90°
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(i.e., as the basal atoms of the square pyramid become
nonplanar), so the overlap between the two decreases,
and the destabilization energy relative to an isolated d or-
bital energy is reduced. Similarly, as we have described
above, with a change in Cu-O distance the center of mass
of the band will change. Both geometrical effects can
also result in changes in the shape of the band with a fur-
ther corresponding dependence of the density of states at
the Fermi level on geometry.

Figure 12 shows how the calculated electron transfer
from the x2-y? bands to the z2-p2 band varies with b —a
[related to the orthorhombic strain, (b —a)/(a +b)] from
a series of calculations keeping a +b constant. Lines on
the plot show the geometrical parameters associated with
room temperature and 100 K structures. Basically the
x2-p? bands of the planes remain unchanged in energy
since contraction along a, e.g., is matched by a corre-
sponding expansion along b. This is not the case for the
z2-y? band in the chains. It is sensitive only to changes
along the b direction as we have noted. Thus as b —a de-
creases the charge transfer shown in Diagram 7 from
planes to chains decreases. The calculated changes in
electron transfer are quite small, in keeping with the rath-
er small geometrical changes involved.

Figure 13 shows how the charges on the various
copper atoms change with the geometry of the system.
Two distortions are shown which couple the observed
structure to an idealized one where all bond angles are ei-
ther 90° or 180°, and all Cu-O distances are equal. As the
Cu-O distances around Cu(1) shorten in the z direction so
the z2-y? band is pushed up in energy and electrons move
to the planes, and as the Cu(2)O, planes are puckered the
x2y? bands of the planes drop to lower energy and more
electrons move to Cu(2). The result (see the calculated
charges) is that the oxidation state of Cu(1) is higher than
that of Cu(2), which is what we expect from the structur-
al chemistry described in Sec. II. However, after these
two distortions there is still overlap between the x2-p?
bands of the planes and the z2%y? band in the chains.
These two geometrical changes are thus very important
in determining the electronic picture here.

0.2662
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<  0.2660 -
N
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< 0.2659 - 95K
300K
0.2658
0.2657 ~+——+——y—v—1—— — 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12
(b-a)

FIG. 12. Computed changes in the charge transfer from
planes to chains with increasing b —a. Parameters appropriate
for room temperature and 90 K are shown.
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FIG. 13.
geometry for the 1:2:3 compound. Shown are the computed sta-
bilization energies for each distortion and the electron densities
at each center. Notice that the number of electrons computed

Structural changes leading to the observed

IlI)

for the square-planar chain (Cu™") atoms is smaller than that for

the plane (Cu') atoms.

It is now quite clear that the dependence of T, on oxy-
gen stoichiometry i§ crucially controlled by the oxygen
ordering and we will study some of this below. There are
several experimental observations which are of use to us
here. Figure 14 shows from an earlier study® how the
geometric parameters which describe the atomic posi-
tions in YBa,Cu;0,_g vary with 8. There are other more
recent studies which emphasize this point.>?> These plots
show the change in distance (along the x axis) of the vari-
ous atoms in the structure from the plane formed by the
Cu(l) atoms. These data come from high quality
structural studies. The simplest explanation of these re-
sults is that the geometry changes are driven by the
change in oxidation state of one-third of the copper
atoms, associated with the coordination number change
of chains to dumbbells, and the movement of the electro-
positive barium atoms in response to the presence of oxy-
gen vacancies. It is the shape of these curves which are
particularly interesting, as we have pointed out before.>
The dependence of the structural parameters on x is not
the linear one, expected on the basis of Végard’s law. In
fact there seem to be two relatively flat regions,
0.69<8<1 and 0<8<0.31, connected by a curve with a
much steeper slope. Such behavior is typical of the be-
havior of two-phase systems, where the parametric
dependence on composition is determined by attractive
like-with-like interactions.
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FIG. 14. Changes in geometry as a function of oxygen
stoichiometry for the 1:2:3 compound. Shown are the changes
in z coordinate for the relevant atoms.

Thus from these data we may conclude that the defects
are not ordered randomly for § >0, but are organized so
as to produce regions of Cu'' atoms separated from re-
gions of Cu' atoms. Such a conclusion is in accord with
electron diffraction studies,’® which show that the oxygen
vacancies are indeed locally ordered. X-ray absorption
studies also show Cu! in oxygen defective samples of the
1:2:3 compound supporting a similar viewpoint.’”>3%
From such a simple model the steeper slope at high &
(larger fraction of Cu') compared to that at low & (larger
fraction of Cu'™) implies that the clustering energy for
Cu'll is stronger than that for Cul. There is thus nothing
special on this model about the oxygen 6.5 stoichiometry,
the one which gives an average copper oxidation state of
II. As oxygen is removed from the compound
YBa,Cu;0, the Cu-O distance remains little changed un-
til §=0.6. Associated with this sudden change appears
to be the movement of T, to zero (Diagram 1).>> An im-
portant feature of the geometry is that at around this
stoichiometry the Cu(1)-O(4) distance shrinks from
~1.85 to ~1.80 A. Our calculations for this geometry
show that there is now no charge transfer of electrons
from planes to chains for this case, and thus the x2-y2
bands of Cu(2) can become close to half-full with the as-
sociated set of electronic factors which work against me-
tallic behavior. The important result from our study is
that it is because of this shortening of the Cu(1)-O(4) dis-
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tance that the z2-y2 band is pushed to much higher ener-
gy and is not now able to remove electron density from
the planes, shown schematically in Diagram 8.

planes chains

There is a change too in the degree of puckering of the
Cu(2)O, planes which will lead to a raising in energy of
the x2-p2 bands but we find that it is the former motion
which wins out in controlling the (z%-y2)/(x%-p?) separa-
tion. The chemical model then allows one to see how the
geometry changes lead in a quite well-defined way to the
controlling of the actual electron density in the x2-p2
band. We stress here, however, that our values for the
electron transfer density are illustrative only, even
though they come from our numerical calculations.
Methods better than ours will be needed to get this right.
We study the details of the oxygen vacancy ordering
below.

Vacancies

As we and others® have pointed out, treating the de-
fects in a rigid band sense by adding 28 electrons to the
Fermi level of the structure calculated with §=0 is a
poor approximation. Here we build on our earlier ideas
and generate some rules for the evaluation of the Fermi
level for defect structures. As we have noted for & > 0, it
is the oxygen atoms associated with the copper atoms in
the chain which are removed. By performing tight-
binding calculations on periodic defect structures we can
study the effects of various types of oxygen defects on the
electronic structure. Our results are generally applicable
to both the 1:2:3 and 2:1:4 systems and probably also to
the 2:2:1:3 system. This approach implies that each de-
fect structure should be regarded as a new structural type
rather than as a minor perturbation of the parent. Four
distinct cases are considered. In some cases the Fermi
energy and/or the density of states at the Fermi energy
N (ep) changes appreciably due to shifts in position of the
orbitals as a direct result of the changes in the local
geometry. Experimentally,®"%? for YBa,Cu,;0,_; the ma-
jority opinion is that it is the O(1) atoms connecting
square-planar metal atoms which are the ones most readi-
ly removed. (There is one recent study®® that claims that
it is the O(4) sites which are defective.) There are several
ways in which this may occur. However this happens,
the coordination number of some of the copper chain
atoms is Jowered and (see Fig. 2) the highest-energy d or-
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bital drops in energy. This is shown schematically in Di-
agram 9.

x2_y2
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It is how the electrons are distributed among these bands
that is important.

Consider first a unit cell doubled along b. If one O(1)
atoms is lost from this cell (case A, Diagram 10)

XXXRRXX
TR

then each of the copper atoms associated with the defect
(two of them) will lie in a T-shaped environment. We can
use the results of Fig. 2 to understand the results from
the computed band structure. Figure 15 shows the orbit-
al composition of the computed densities of states for the
parent with §=0, and a periodic solid of stoichiometry
YBa,Cu;0q s for this case. The two z2-p? orbitals, and
hence bands associated with these coordination
geometries, drop to lower energy and below the Fermi

(a) (b)
o) L

total 2% -y total 22.y?

-1k S -1 -

4 =

FIG. 15. Computed total and partial densities of states for (a)
the parent structure YBa,Cu;0; and (b) a defect structure of
stoichiometry YBa,Cu;0q s, where the oxygen vacancies of the
periodic solid are arranged as described for case A. In (a) the
partial density of states associated with the z2-p? band of the
chain is shown, and in (b) it is the contribution from the analo-
gous band of the copper atom associated with the defect.
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energy of the parent Diagram 9. However, only two ex-
tra electrons are present to fill them since a single oxygen
atom has been removed. Thus, loss of an oxygen atom in
this way will result in depression of the Fermi level, since
electrons are removed from the highest occupied levels of
the Cu'! atoms to fill these orbitals. The computed values
of the Fermi level are —12.079 and —11.904 eV for case
A and the parent, respectively. There is also a drop in
the Fermi energy density of states N (£5) to about half the
value found for the parent. This also shows up dramati-
cally in the plots of Fig. 15. A second pattern (case B,
Diagram 11)

T
11111

may be identified with a cell doubled along a with loss of
an oxygen atom in such a way so as to give an equal mix-
ture of square planar (Cu') and linear two coordination
(Cu!) in chains which alternate in character along a. This
results in no change in Fermi-level location (calculated to
be —11.904 eV) since now only one atom per doubled
unit cell contains a deep-lying z2%-y? orbital (the two-
coordinate geometry) with two electrons to fill it. Here
we calculate virtually no change in N(ggp). We find case
B with its linear, rather than T-shaped, Cu! atoms to be
the more attractive from a chemical point of view.
Chemists generally do not associate the T-shaped struc-
ture with Cul, which is the natural result of the genera-
tion of oxygen defects. We have suggested>® that a part
of the driving force for ordering is the minimization of
the number of such geometries. Raveau*? has referred to
such a geometry as an “abnormal” one for Cu'.

These ideas then suggest that the real situation is much
more complex than that implied by a rigid-band model,
and that the location of the Fermi level is very much con-
trolled by the way the defects are ordered via the geome-
trical structure of the solid. It is of course much more
difficult (and presently is not possible) to calculate the en-
ergy associated with the defect, and thus explore the en-
ergetics associated with the various patterns. The whole
question of the computation of bond energies is fraught
with difficulty, since electron correlation plays an impor-
tant role here. To be able to accurately get a measure of
the energetics of the problem we need to be able to accu-
rately calculate the energies of two-, three-, four-, and
five-coordinate copper atoms. Our philosophy, therefore,
has to be one in which we compare the energies of struc-
tures where the coordination numbers are as similar as
possible.

There are other sites that in principle may be associat-
ed with the defects, namely the basal sites of the square
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pyramids. The picture that results is very similar for
both the YBa,Cu;0,_s and (La,Sr),CuO,_g systems. Re-
moval of a single oxygen atom [O(2) or O(3)] in a
YBa,Cu;0; cell (case C) will result in a marked drop of
the half-full x2-y? orbitals associated with the two atoms
to which the oxygen is coordinated since the result is a
T-shaped geometry at two copper atoms. With deeper ly-
ing, and now doubly filled, x%-y? and z? orbitals there is
no change in the Fermi level of the material (we calculate
—11.095 eV) as long as the geometry is not relaxed. Two
half-filled orbitals drop below the Fermi level and two ex-
tra electrons from the missing oxygen atom fill them
completely. As a result two Cu'! atoms have now become
Cu'. Removal of every O(2) or O(3) atom along either a
or b, respectively, in one of the CuO, sheets (case D)
leads to a chain of two-coordinate copper atoms. Since
the x2-y? orbital associated with it drops in energy (Fig.
2), and is now doubly filled, an extra electron must be
added at the Fermi level. The result predicted using this
approach is half as large as expected on the rigid-band
model. The Fermi level is computed to lie at —11.787
eV for this case. As we have mentioned this result is in
principle directly applicable to (La,Sr),CuO,_;, but here
the present view is that there are no oxygen defects for
low strontium doping levels.

Change in planar charge density
with oxygen stoichiometry

In this section we will tie together many of the
geometrical-electronic relationships described above to
make some suggestions as to how the number of electrons
in the x2-p2 band of the Cu(2) atoms varies with oxygen
stoichiometry, i.e., 8 in YBa,Cu;0,_5 (where 0=<6=<1).
Although the connection is at present tenuous we will
show a correlation between this parameter and the ob-
served behavior of T,. (Certainly though, suppression of
the electronic and geometrical instabilities associated
with the diamagnetic half-filled band is strongly linked to
charge transfer possibilities.) What we wish to explore is
how the variation in Cu(2) electron density with oxygen
stoichiometry is influenced by the geometrical effects we
have mentioned above.

The sketching out of the charge density as a function
of 8 relies upon knowing the geometric details of the ma-
terials. Although there have been many structural stud-
ies, the fine details are unfortunately not as well estab-
lished as we would like. The variation in cell parameters
with & is now well known, but the identity of the sites
from which oxygen is lost is still not completely deter-
mined. Most studies show loss of oxygen from the planes
perpendicular to z which contain the Cu(1) atoms. How-
ever, both O(1) and O(5) sites [see Fig. 4(a)] seem to be
occupied for §>0. We suspect that there are locally or-
dered regions of the structure so that such a result may
be understood in terms of chains of square-planar copper
atoms in chains of varying lengths running in both the a
and b directions. One way of regarding the tetragonal
structure is thus as an equal mixture of the two. There is
some experimental evidence that supports this.** Some
other studies show atoms missing from the O(4) sites.
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Oxygen in these positions must eventually reappear with
increasing 8, since they are fully occupied in the stable
structure with 8=1. We shall use here a model where
oxygen is lost from the O(1) sites. Figure 16 shows in a
schematic way how the band structure of the material
changes with increasing 8. The number of levels
(represented by the breadth of the box in the picture) as-
sociated with the x2-y2 bands of the planar copper (Cu')
atoms remains constant, but loss of oxygen atoms from
the chains generates Cu! atoms at the expense of Cu!ll
atoms. The two-coordinate Cu! atoms are represented by
empty space, the Cu!'! atoms by lines indicating chains.
As shown in the preceding section, loss of a single oxy-
gen atom in a Cu(1)O; chain gives rise to a loss of elec-
trons from the x2-y? bands of the planar copper atoms,
but an ordered collection of adjacent vacancies will lead
to no loss of electrons from this band. As more oxygen is
lost then the probability of forming clusters of vacancies
naturally increases. At 6=1 with perfect ordering there
are of course no Cu™™ z2-y? levels (Fig. 16) and the x2-y?
bands of the planar copper atoms are exactly half-full. If

2.y 2.y2
x2-y? x2-y?
- — e
% % .
planes chains planes chains
g
2
U
T shape and
5=0 5>0
ﬂ 2.y2
x2-y2 -y
23 ¢ o B .
anes
P % planes chains ?
_ é
dumbells é
= T shape and
= dumbells
5=1 after c-axis anomaly

FIG. 16. Schematic band structure variation in the 1:2:3
compound with oxygen stoichiometry. At the bottom of each
figure is a schematic picture showing the arrangement of regions
of chain (Cu'™) atoms (lines) and dumbbell (Cu’) atoms (space).
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our interpretation of the x-axis plots of Fig. 14 is correct,
then ordering is occurring for low 8. The number of elec-
trons removed from the x 2-y? bands of the planar copper
atoms should then have the functional dependence on &
as shown with a dashed line in Diagram 12.

electron density
removed from
x2 - y2 band

12

YBa,Cu30, YBa,Cuz0¢

8—’
5. is some critical point where an ordered structure is
found. (We have, not-so-arbitrarily, chosen this as multi-
ples of a third; our reasoning becoming apparent below.)
We know too that b —a decreases with increasing 6. If
this is interpreted literally, then as shown above, the
z%-y? band of the chain copper atoms is pushed to higher
energy and electron transfer to the chains reduced
(shown with a dotted line in Diagram 12). The combina-
tion of the two effects is an electron density plot (the solid
line) that is roughly flat for low 6 and then drops whenev-
er there is a strong ordering of vacancies. There is al-
ready a correlation between T, and the amount of Cu'
(interpreted here as square-planar copper atoms) mea-
sured experimentally,*® which has steps similar to the one
in Diagram 12.

At the point when the Cu(1)-O(4) distance suddenly
shortens (the c-axis anomaly) then the electron transfer to
the chains is abruptly cut off and the planar copper atoms
have exactly half-filled x2-y2 bands. We can extend our
plot of Diagram 12 with this result to give Diagram 13.

electron density
removed from
x2-y2 band 13
c-axis anomaly
YBa,Cu30, S — YBa,Cu,0¢

It is then tempting to compare the plot with that of Dia-
gram 1. This approach does have the obvious flaw in that
the observed variation in b —a with & might come about
simply as a result of disorder in O(1) and O(5) sites rather
than being intrinsically a function of Cu-Cu distance
within the chains. However, we do note that the effect of
removing electrons from the Fermi level by the introduc-
tion of isolated vacancies will also tend to reduce the den-
sity in the Cu' z2-y2 band, resulting in a shortening of b
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as a result of less population of Cu!-O antibonding orbit-

als. Sorting out the competition between the two effects
will be difficult. A conclusion of the approach is that an
ordered structure of some type occurs at § ~0.33.

IV. STRUCTURAL ALTERNATIVES FOR 1:2:3

The logic of the observed structures of YBa,Cu;0q ;
are now clear; they are consistent with the local
geometries preferred by the various oxidation states of
copper. Alternatively, the observed pattern of defects in
the AB,C;0, perovskite structure (this has a trebled
ABO; formula for comparison with the 1:2:3 structure)
to give YBa,Cu3;0; can be understood by the driving
force associated with the Jahn-Teller instability of octa-
hedral Cu'! or Cu', leading to, respectively, loss of one
ligand or two trans ligands. It is interesting to devise
other possible structures for the parent compound in or-
der to shed more light on the reasons behind the stability
of the observed arrangement. We will proceed in two
steps. First we will devise some structural alternatives
and examine their stability relative to the observed struc-
ture. Then we will take the most likely alternative of this
set, examine its possible distortion modes, and ask how
we may perhaps stabilize it by the insertion of suitable
cations. The structural possibilities are of two types. In
the first, although the overall stoichiometry is correct,
the sum of the oxidation states at copper as indicated by
the local coordination geometries is not consistent with
the number of oxygen atoms. As a result it may be ex-
cluded on simple chemical grounds. In the second type

Observed
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there are no such problems of this type and we need to
search further for more detailed electronic reasons. We
are of course limited only by our ingenuity in inventing
new structures, but here we discuss just three possibili-
ties.

Figure 17 shows two structures (X,Y) that have the
same triple copper layer structure of the observed
YBa,Cu;0, arrangement, but with different arrange-
ments of the oxygen vacancies between them. In all three
structures the copper atoms in the plans are square-
pyramidally coordinated by oxygen. The only difference
lies in the ordering pattern of the oxygen atoms associat-
ed with the middle sheet of copper atoms, as shown in
Fig. 17(d). Infinite chains of Cu-O linkages are a feature
of the first two structures, but in the alternative there is
some cross-linking which gives rise to octahedral coordi-
nation. A natural result is the generation of linear two-
coordinate units. In the second, alternative slabs of the
first are shifted by a /2. Table II lists the number of coor-
dination geometries of each type that result. For both
YBa,Cu;04 and YBa,Cu;O; the number of square
pyramidal, linear, and square geometries are consistent
with the oxygen stoichiometry. For alternative X, how-
ever, we would probably expect nine Cu® (the octahedral
and square-pyramidal units) plus one Cu! (the linear unit)
and two Cu' (the square-planar units). This total is in-
consistent with the number of O atoms counted as O 2,
For alternative Y with ten Cu!! (the square-pyramidal
units) plus one Cu!! (the linear unit) and one Cu'! (the
square-planar unit) the same comment applies. In both
alternative structures we have shown (Fig. 17) equal Cu-

@

Observed

FIG. 17. Idealized descriptions of alternative structures for the 1:2:3 compound. (a) The observed structure, (b) variant X, (c)
variant Y, and (d) atom ordering in the middle layer of the slab for observed, X, and Y variants.
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TABLE II. Coordination geometries in structural alternatives.

Number of copper atoms

with these coordination geometries®

Coordination geometry Linear Square Square pyramidal Octahedral
Coordination number 2 4 5 6
Observed YBa,Cu;0, 0 4 8 0
Observed YBa,Cu;0 4 0 8 0
Alternative (X) YBa,Cu;0, 1 2 8 1
Alternative (Y) YBa,Cu;0, 1 1 10 0

*The cell chosen if four times as large as the smallest unit cell for the observed YBa,Cu;0, structure.

O distances. In practice some variety is to be expected,
since the oxygen atoms are attached to copper in different
oxidation states. Relaxation of those idealized structures
to take care of this problem, however, will be difficult to
accomplish given the connectivity of the lattice. Some
energetically unfavorable strain will result.

A third structure Z, which contains the same set of
structural elements found in the observed arrangement, is
shown in Fig. 18 along with views of the observed struc-
ture. It is made up of square-planar units condensed into
a sheet and pairs of head-to-head square pyramids also
condensed into a sheet. It does not suffer from the elec-
tronic problems we have just mentioned for X and Y.
Our calculations suggest that this presently unknown
structure will not be as stable as the observed one, but
only a little less stable, and such an energy difference may
be compensated by more favorable ionic interactions
which are not included in our computations. It is in-
teresting, however, to try to understand the origin of this
“covalent” energy difference. An obvious point is that
the mutually apical oxygen atom linking the two sheets
would be weakly bound to them, and thus readily lost.

Observed (buckled)

Z (buckled)

FIG. 18. A further alternative for the 1:2:3 compound, com-
pared to the observed arrangement. (a) Idealized observed
structure, (b) idealized variant Z, (c) observed structure with
sheet puckering, and (d) relaxed variant Z.

This would give a material of stoichiometry YBa,Cu;O;
containing square-planar copper atoms more appropriate
for Cu™ or perhaps Cu'' than for Cu!”™. Stable mole-
cules, however, are known in which a ligand is
sandwiched between two planar Cu''L, units and at-
tached by two long Cu—ligand bonds. (Cu''L,), pyra-
zine is an example.®> There will be structural elements of
this type in oxygen-rich materials with stoichiometries
YBa,Cu;0,, , (x >0) if the extra oxygen atoms enter the
Y layers.$

A second point to consider is how much structural
flexibility there is which can allow the band structure and
electron filling of the orbitals of the metal atoms in the
isolated planes to be consistent with the oxidation states
demanded by the geometry. For example, the alternative
structure is tetragonal and the arrangement of the sheets
is such that the Cu-O distances within the isolated sheet
have to be identical to the distances within the slabs if the
apical-basal angle is set at 90°. Since the x2-y? bands are
unaffected by coordination of atoms in the z direction (see
Fig. 2) a schematic band structure (from the results of our
numerical computations) would be that of the left-hand
side of Diagram 14

x2 - y? x2-y2
70 7 %
slabs sheets

idealized Figure 18b relaxed Figure 18d

14

and show that the x2-y? bands of each copper atom are
equally populated. Thus, unlike the observed structure
where the connectivity allows a Cu'l! atom to behave as
such, the idealized alternative structure does not. How-
ever, one simple way of overcoming this problem is to al-
low the five-coordinate copper-containing sheets to buck-
le as shown in Fig. 18. As a result these copper atoms are
now more pyramidal and, if the ¢ and b axes remain un-
changed, are associated with longer Cu-O distances.
Both the Cu—O bond length change and the change in
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FIG. 19. Structural changes leading to the relaxed geometry
for variant Z of the 1:2:3 compound. Shown are the computed
stabilization energies for each distortion and the electron densi-
ties at each center. Notice that for the bent slab structures the
number of electrons computed for the square-planar isolated
sheet (Cu) atoms is smaller than that for the plane (Cul)
atoms in the slab.

angle give rise to a drop in the mean position of the slab
copper x2-p? bands. Electron density is removed from
the x2-y? band of the isolated sheet, which now becomes
more Cullike, and donated to the x2-p? band of the
slab, which now becomes more Cu'l-like, Diagram 14.
The numerical results of our calculations are shown in
Fig. 19, a picture which merits comparison with Fig. 13.
The two structures are thus very similar. In the alterna-
tive structure the Cu'O, planes can play the same role
as the CumO3 chains in the observed one. There is, how-
ever, in the alternative structure no distortion analogous
to the shortening of the Cu(1)—O(4) bond in the observed
structure. However, there is a soft motion which leads to
asymmetry at the central atom of the slab. Such motions
are common in perovskite materials,® and might be sta-

/

x_=05

b

N

X, = 0.5 X, = 1.0

X0= 0.5

X, = 1.0 -

One is largely controlled by the 7-type interactions (d° to
approximately d°) and the other by the more energetic
type o interactions (approximately d°to d'°). At around
d® the pair of oscillations overlap. Each part of the elec-
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bilized by a judicious choice of cation.

A third way to understand the energy of the new struc-
ture relative to the observed one is to investigate this
difference as a function of d count. Figure 20 shows such
an energy-difference curve using idealized (equal Cu-O
distances and 90° angles) for the pair of structures. No-
tice that for d® %7, the average number of d electrons per
unit cell calculated from the stoichiometry, the observed
structure is found to be more stable. Such plots may use-
fully be interpreted using the method of moments.*6~48
Briefly, if the electronic densities of states of two
structural alternatives differ at the mth moment, then the
energy-difference curve between them as a function of
band filling x will have m nodes, counting the two at the
full (x =1) and empty (x =0) points. Such an approach
has been shown to be useful in understanding’! the defect
ordering pattern in the material CaMnO; 5. The method
relies upon the important connection between the nth
moment of the electronic density of states and the
weighted sum of all the self-returning walks of the orbital
network of length n. The weight of a given walk is the
product of all the H;; integrals involved in the interorbi-
tal walks. In practice all we need to do is find out the
first set of walks which are different between the two
structures, and this immediately gives us the form of the
energy-difference curve. For our present series of com-
pounds the o- and m-bonding manifolds are full at d°
and so this point corresponds to x,=0.5 and x,=0.5.
d'® corresponds to x,=1 and x,=1. The two types
of interactions give rise to orthogonal levels (if the
O—Cu—O bond angles are set, as they are in these calcu-
lations, at either 90° or 180°), but the o and 7 bands over-
lap as shown in Diagram 15.

A

In Fig. 20 there are two parts to the energy-difference
curve, of similar shape but of different amplitudes as
shown in Diagram 16.

NS~ N

15

/

16

r

tronic problem is thus apparently a sixth moment one
since there are three nodes between x,,=0.5 and
X,,»= 1. The origin of this result is easy to see from Dia-
gram 17.
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17

The two structures first differ at the sixth moment, since
it is a walk of this length that allows a square-pyramidal
copper atom in the alternative structure to “see” the va-
cancy (marked with an asterisk) in the structure along c.
The observed structure has the larger number of six-
walks, and from the methodology of the moments
method**™*® will be the more stable structure at
X5, »=0.5 as calculated.

Our results suggest that overall the observed structure
should be more stable, but the energy difference between
the two alternatives is not large at the relevant electron
count. How might we stabilize this new geometry?

Y Y B B
Ba | Ba A|A 18
Ba | Ba B B
——o—o—
observed élternative z

Diagram 18 shows one observation which may be impor-
tant, namely the sizes and types of counterion in the
structure. In the observed structure there is one Y3V ion
between the slabs and two Ba?™ ions within a slab. In the
alternative structure there will be one A4 ion within the
slab and two B ions separating slabs and sheets. To
maintain charge balance the alternative can either be
written 4 T(B37),Cu;0; or 43T (B?"),Cu;0,. Given
the dimensions of the observed structure we seek 4
jons which are similar in size®” to Ba?*, and B*" ions

0.2
{ Observed Structure Stable
o1 -f \ /\/\ /\
0.0 \v
; <
2 0.1
[TT] E
< 02
0.3
‘0-4 v T v L] M T T v
0 2 4 6 8 10

d electron count

FIG. 20. Computed variation in the energy difference be-
tween the idealized 1:2:3 compound and variant Z as a function
of d electron count.
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which are similar in size to Y>" for the former arrange-
ment (potassium and yttrium are perhaps the obvious
pair), and 437 ions which are similar in size to Ba’>™ and
B?™" ions, which are similar in size to Y3" for the latter
arrangement. Ag?" and Cd?" are of similar size to Y,
but it is difficult to find a trivalent ion as large as Ba?™.
Bi’", Ce3t, and La®" are the largest but somewhat
smaller. KY,Cu;0, and AgLa,Cu,0,; might be possible
synthetic goals. However, for the latter one might prefer
to substitute silver for the copper in the structure rather
than fill the voids within the copper oxide framework.

V. THE 1:2:4 COMPOUND YBa,Cu,O4

Electronic structure

This is a particularly interesting system® since at the
stoichiometric composition it has to contain copper in
nonintegral oxidation states. We will see that a striking
feature of the electronic structure is how the geometry of
the system naturally allows such a process to happen.
This material (Fig. 21) contains the simple pair of CuO,
sheets that are present in the 1:2:3 compound, but instead
of single vertex-sharing CuO; chains between them, it
contains edge-sharing CuO, double chains. An obvious
way to write the chemical formula, if we insist that the
pair of infinite CuO, sheets contain Cu'l, is as
Y"Ball,(Cu0,),(CuMMQ,),. An examination of the
band structure of the material shows how this comes
about. Recall that in the 1:2:3 compound the z%-y2 band
lines at higher energy than the x 2-y? bands, as a direct re-
sult of the shorter Cu-O distances within the chains com-
pared to those in the planes. Recall too that the two
x2-y? bands are only slightly split apart in energy as a re-
sult of their poor coupling through the chain orbitals. In
the 1:2:4 compound, however, the width of the z%y2
band of the double chains is considerably larger than that
found for the same orbital of the single chains in the 1:2:3
compound, since now the interaction between the two
z2-y? orbitals per cell is large, coupled through adjacent
oxygen orbitals. Figure 22 shows the computed densities
of states for the system, and indicates now a much larger
overlap between chain orbitals and plane orbitals than

FIG. 21. The observed structure of the 1:2:4 compound
YMBall(Cu0,),(Cu™™MO,),.
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FIG. 22. Computed density of states for the highest occupied
bands of the observed 1:2:4 compound. Shown is the total den-
sity of states and the partial densities for the x2-y? orbitals of
the planes and the z2-y? orbitals of the double chains.

was the case in the 1:2:3 compound. As a result there is
extensive occupation of chain z2-y? orbitals in this system
and the oxidation state of the chain copper atoms will lie
somewhere between two and three. Our computed
charges are shown in Diagram 19(a).

19

(a)

We should be careful in interpreting them literally, but a
comparison between Diagram 19(a) and Figs. 13 and 19
shows that the description of the chain copper atoms as
Cu'™MM), is not a bad one. The actual extent of electron
transfer from planes to double chains to remove the half-
filled x2-y? band for Cu'! is as difficult to calculate using
our approach as it was for the 1:2:3 compound. (7, here
is®® 80 K).

Structural alternative

At this stage we can ask why the obvious structural al-
ternative of Fig. 23 is not found. Here the double chains
of the observed 1:2:4 compound are replaced by a single
chain linked to a dumbbell. The alternative thus contains
features of the two 1:2:3 compounds with O¢ and O,
stoichiometries. In terms of likely coordination
geometries for the different oxidation states of copper we
would write it as Y™'Ba'l,(Cu"/™0,),(Cu"0,)(Cu'0,)
or YMBall(Cu™™MQ,),(Cu™0,)(Cu'0), depending on
the (arbitrary) way we assigned the central oxygen of the
intersheet unit. Figure 24 shows a calculated density of
states for such a system which nicely reflects this assign-
ment of oxidation states. The chain z2-y? orbitals are
empty (i.e., Cu'), the dumbell z? orbitals are doubly oc-
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FIG. 23. The structural of an alternative for the 1:2:4
compound, which may be written as
Y™MBal(Cu'M1Q,),(Cu™0;)(Cu’0).

cupied (i.e., Cu') and the sheet x 2-y2 orbitals are certainly
less than half full (i.e., Cu™™), The charges we compute
for this arrangement are shown in Diagram 19(b) and
support such an assignment by comparison with Figs. 13
and 19 and Diagram 19(a). We calculate from our band-
structure computation a stabilization energy of 1.1 eV
relative to that of the observed geometry. There are
several uncertainties in this figure. First, the internuclear
distances used in the- calculation are the same as those
found in the observed structure. Using our method we
are not able to accurately model the energetics of bond
length changes. Second, the influence of many-body
terms here may be important too. As we have noted ear-
lier, there is a large energetic penalty for the generation
of Cu! and Cu' from Cu'l.

VI. THE 2:1:4 COMPOUND L,_ Sr, CuO,

The orthorhombic-to-tetragonal transition

In contrast to the 1:2:3 compound where the relation-
ship between the orthorhombic and tetragonal structures
is associated with the ordering of oxygen vacancies, the

Total N
-10 [~ B
3 -1l - 3
m >
-12 7 -

FIG. 24. Computed density of states for the highest occupied
bands of the alternative 1:2:4 compound. Shown is the total
density of states and the partial densities for the x2-y? orbitals
of the planes and the z2-y? orbitals of the chains. Not shown is
the deeper-lying full z? orbital of the two-coordinate dumbbells.
Notice the clearly less-than-half-full x2-y? band.
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orthorhombic and tetragonal structures for the 2:1:4
(La,_,Sr,CuO,) compound have the same atomic con-
nectivity and copper and oxygen stoichiometry (Diagram
20).

20

The current view is that there are no oxygen vacancies up
to x =0.2. The orthorhombic structure (distorted with
a#b) is a puckered version of the tetragonal form. In
contrast to x-ray-absorption studies of the 1:2:3 com-
pound, no Cu' is found®”*® as x increases from zero in
similar studies on this material. Thus the effect of doping
is to gradually remove electron density from the x2-y?
band of the system. We know that as the amount of
strontium doping (x) increases (i.e., as the average copper
d count decreases) the tetragonal structure gradually be-
comes more stable than the orthorhombic one. This
manifests itself in a drop in the transition temperature for
the transformation as x increases.’®’® For example, with
x =0 the orthorhombic-to-tetragonal transition occurs at
"533°C, with x =0.15 it appears at 190°C, and with
x =0.2 it is the only arrangement known. Figure 25
shows a calculated energy difference curve for the two
structures as a function of d count using the b —a value
for the structure with x =0. Interestingly, it shows that
the two structures are close in energy for d° but that as x
increases, i.e., for d <9 the tetragonal version becomes
more stable in accord with experiment.”®

The electronic reasoning behind this structural trans-
formation is similar to that described earlier for the 1:2:3
compound and is associated with the relief of antibonding

04
tetragonal stable
0.3
0.2 1
$ o1l
m L
< o0
-0.1 1
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d count
FIG. 25. Computed energy-difference curve between the

tetragonal and orthorhombic forms of the 2:1:4 compound
(La,_,Sr,CuO,) as a function of electron count. In this calcula-
tion the value of b —a chosen was that corresponding to
x =0.15.
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- Cu-O interactions by puckering as shown in Diagram 4.

There, as the antibonding orbital becomes less full of
electrons the puckering becomes less favored. Here the
distortion to the orthorhombic structure becomes less
favored as the doping level increases. Notice the maxi-
mal slope in Fig. 25 at electron counts corresponding to
the electronic situation where o antibonding orbitals are
occupied. We may appreciate the difference in the
response of the two systems to such an electronic state of
affairs simply in terms of geometry. In the 1:2:3 com-
pound the planar copper atoms are five-coordinate with
the long Cu(2)—O0(4) bonds on the same side of the plane.
Simple puckering is an obvious geometrical route. In the
2:1:4 compound there are oxygen atoms on both sides of
the plane, and thus bending at both oxygen and copper is
achieved by a more complex route to relieve the instabili-
ty of Diagram 4. If it is the occupation of antibonding
orbitals which stabilize the distorted (orthorhombic)
structure, what is the force behind the stability of the
tetragonal one? From Fig. 25 it can be seen that this is
the structure favored for the d® configuration and is also
the geometrical arrangement we find to be favored for an
oxide lattice where there are no metal atoms at all. Very
often we find that in the absence of an electronic driving
force, such as that of Diagram 4, associated with the oc-
cupation of antibonding orbitals, it is the ‘“more sym-
metric” structure in terms of equality of internuclear sep-
arations which is the more stable. Behind such a result in
the system described here is the importance of repulsions
between the formally nonbonded oxygen atoms which
can get quite close in the structure as a result of the short
Cu-O distances. Thus the energetics of the tetragonal-
to-orthorhombic distortion are a balance of directly
bonded (Cu-O) and nonbonded (O-O) interactions.
“Molecular mechanics” calculations’! using pairwise po-
tentials between the atoms in the structure have also been
used to mimic this distortion. This result is not new in
oxide chemistry. In our studies’? on transition-metal ox-
ides with the rutile (TiO,) structure we found that the dis-
tortion of the idealized structure to the observed one was
controlled by a similar balance. [Our calculations are not

0.02

AE(eV)

-0.08
0.10 - breathing stable
-0.12 e LI a
0 2 4 6 8 10

d electron count

FIG. 26. Computed stabilization energy of the breathing
mode [Diagram 5(a)] in the 2:1:4 compound as a function of the
average number of d electrons per copper.
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perfect in getting the balance between these two effects
correct. If a value of b —a appropriate for x =0.15 is
used, the slope of the energy difference plot with d count
is of opposite sign suggesting an underestimate of the O-
O terms at this geometry.)

The tetragonal-to-orthorhombic transition is thus
driven by simple relief of antibonding interactions and
does not arise via a Peierls type of electronic situation.
Of the volume conserving distortions of the tetragonal

structure (a) shown in Diagram 21,

—>
(c)' | E l
- [ ]
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only (d) opens a gap at the Fermi level. Those giving (b)
and (c) involve small energy changes. The distortion of
Diagram 21(d) is the analog of the ‘“breathing” motion
described earlier for the 1:2:3 compound, and the energy
difference curve (Fig. 26) is very similar indeed. It has
the characteristic fourth-moment appearance described
earlier and one which we associate with Peierls-type in-
stabilities. A curve of this shape is not seen in Fig. 25.
Similar comments to those made above concerning the
breathing distortion in the 1:2:3 compound apply here as
well.

The depletion of the x2-y? band on the strontium dop-
ing, antibonding between copper and oxygen, shows up in
the experimentally determined Cu-O distances. They be-
come shorter, just as expected, as x increases [1.9035(1)
for x =0 and 1.8896(1) for x =0.15].%>"3 There is a sug-
gestion'!? that superconductivity depends upon the “co-
valency” of the Cu—O bond, measured via the Cu-O dis-
tance. As the covalency increases (i.e., as the Cu-O dis-
tance decreases) then superconductivity appears. The
thrust of the arguments in this paper provide a different
perspective. Thus, although as the Cu-O distance de-
creases, the bandwidths should increase and encourage
the formation of a metallic state, the change in Cu-O dis-
tance may just be a reflection of how far away from half-
filling is the x2-y2 band.

8-
L 4
&

VIL. THE 2:2:1:3 SYSTEM Pb,St,(R ,_, M )Cu,04 .,
AND OTHER SYSTEMS

The newly discovered 2:2:1:3 system’*
Pb,Sry(R | _,M}")Cu;04,, (where R is a lanthanide or
early three-valent transition metal such as yttrium and
M" is a two-valent ion such as Sr or Ca) has geometric-
electronic features of both the 1:2:3 and 2:1:4 compounds
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The observed structure of the 2:2:1:3 compound
MM Cu;04. .

as we will see. It contains (Fig. 27) sheets of linked,
square-pyramidal CuOs units (we will call these Cu''O,)
and dumbell Cu'O, moeties. These oxidation states fit
well with the charge balance in the stoichiometric
compound where x =y =0, namely PbISrIIR!!/
(Cu"0,;),Cu'0,. Such a description also comes from a
band-structure calculation on the $pecies.

,/// 2 22
7
planes /
cul! %

Cu

Diagram 22 shows a schematic picture extracted from
our numerical computations using the orbital ideas we
have developed earlier. When y+0 but x =0, the elec-
trons are removed from the x2-y? bands of the Cul! in
much the same way as in the 2:1:4 compound and the
electron occupancy moves off half-filling.

The behavior of the compound as x increases from 0 is
interesting. Experimentally it is found that increasing the
oxygen concentration (around x =1.7 is the highest
achieved) eventually destroys the superconductivity be-
havior. Although it appears at first sight to be the con-
verse of the result for the 1:2:3 compound, where super-
conductivity disappears from the O, stoichiometry as ox-
ygen is removed, in electronic terms the two represent
very similar situations if we assume that the first oxygen
atoms are added to the region occupied by the Cu'O,
dumbells. These regions may be converted into chains of
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square-planar copper atoms if x =1. For x close to 0, T-
shape CuOj; units are formed (Diagram 23),

LT1111]

23

[THL

which we can clearly see is the reverse of the process for
the 1:2:3 compound in Diagram 10. Since the z%-y? band
of such a unit lies below that of the x2-y? bands of the
Cull, two electrons have to be removed from the Fermi
level to create a filled O%>~ level. Thus initially, electrons
are removed from the x2-y? bands of Cu'! in excess of
those removed by increasing y. By analogy with the 2:1:4
compound (La,_,Sr,CuO,), where superconductivity
disappears if x rises much above 0.15, it may disappear in
the 1:2:4 compound for smallish x. However, the elec-
tronic situation is very different if the oxygen atoms order
around the dumbells as described earlier for the 1:2:3
compound. Now square-planar units are created, Dia-
gram 24,

LI

24

faraas e ey

(this is just the reverse of Diagram 11) with the concim-
mitant generation of a z%-y? band that may lie above the
x2y? bands of the Cu!! planes just as in the 1:2:3 com-
pound (Diagram 25).

X=-y

25 % 22

planes planes

cu  cuf

DA

dumbells
cu!

Recalling our discussion concerning the vacancies in the
1:2:3 compound, this situation will result in no change in
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the Fermi level. Two electrons are transfered from Cu!
to oxygen to give O~ 2 and Cu'", and the z2-y2 band asso-
ciated with these atoms is emptied (or close to it). Thus
for high oxygen concentrations this model implies that
the electronic situation will be very similar to that in the
1:2:3 compound with a high oxygen concentration. A su-
perconductor could result. It will be very interesing to
see if there are indeed two superconducting regions in
this material as suggested by this model. The first should
occur (and is seen) at low x, where removal of density
from the half-full situation occurs via a combination of
doping and adding oxygen and the other at
higher x (~1), where charge transfer to Cu™' planes
should be important. Thus the situation in
Pb,Sry(R | _ yM;I )Cu;0g4, , is a very interesting one, con-
taining features of the two systems we discussed earlier.

What about other systems? In this article we have fo-
cused on the geometrical and electronic structure of three
copper-containing superconductors. We have not men-
tioned the bismuth and thallium containing copper oxide
systems’> 7% for the simple reason that the geometrical de-
tails of these species are as yet not accurately known.
One of the striking aspects of our discussion in this paper
is surely the demonstration of the crucial control of the
electronic structure by the geometric structure. We
reserve comment until the details of the structures have
been more accurately determined.

VIII. THE INFLUENCE OF OTHER ATOMS

We have devoted virtually all of the space in this arti-
cle to discussion of the electronic structure of the
copper-oxygen framework. Clearly this is the region of
electronic interest, but there are at least two important
roles played by the cations in these structures. First, we
believe that the stability of a particular framework will be
strongly influenced by the charge and size of the available
cations via conventional “ionic” arguments. Our investi-
gation of the stability of the alternative 1:2:3 structure of
Fig. 18 stressed the importance of the choice of cation.
Second, the electronegativity of the cations present in a
given structure can affect in a subtle way the electronic
structure of the copper oxide framework. In Sec. III we
reported an axial-basal angle in the 1:2:3 compound from
a calculation which included the yttrium atoms of the
structure. A similar calculation without these atoms
gave a poorer result (by 2°). We will describe the orbital
influence of these other atoms in detail elsewhere, but this
present result is sufficient to indicate a subtle control of
this angle by the nature of the counterions. As we have
already noted, the value of the geometrical parameter in
this structure is important in controlling the size of
plane-chain electron transfer.

IX. CONCLUSIONS

Perhaps the most important result of this work is the
demonstration that many of the structural features of
these systems may be interpreted in terms of conventional
orbital-type arguments. Although we acknowledge that a
complete description of these materials will only result by
the addition of many-body terms to the band structure,
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or via an alternative route, we feel that it is very impor-
tant that the behavior on doping of parameters such as
Cu-O distances and the relative stability of structural al-
ternatives, such as the orthorhombic and tetragonal vari-
ants of the 2:1:4 compound, are readily understood in
terms of conventional band structure arguments. In oth-
er words, whatever the ultimate electronic description of
these systems and the nature of the superconducting
mechanism, a significant component has to be integrated
with well-established, nonexotic chemical principles. The
fact that the orthorhombic-to-tetragonal transition in the
2:1:4 compound can be simply understood in terms of the
degree of occupation of an x2y? band raises questions
concerning the viewpoint that the holes in these super-
conductors lie formally on the oxygen atoms.”” As we
have mentioned above the orbital description of the x 2-y?
band allows a significant oxygen contribution, but is this
proposition consistent with this particular suggestion? A
part of the problem to be addressed in the future is clear-
ly the rationalization of viewpoints of the electronic
structure of these systems derived from very different
starting points.’®

8931
ACKNOWLEDGMENTS

This research was supported by The Office of Naval
Research and also by The University of Chicago and the
S.T.C. for High-Temperature Superconductivity. We
would like to thank Professor K. Levin for many stimu-
lating discussions.

APPENDIX

Both the band-structure calculations for the solid and
the molecular-orbital calculations for CuO, fragments
were performed using the extended Hiickel method. The
parameters used are given in Table I. Typically, 16 k
points were used in the irreducible wedge of the Brillouin
zone for the solid-state calculations. For the computa-
tion of the charge transfer of Figs. 13 and 19, 24 points
were used. Only the copper and oxygen atoms of these
structures were used in the computations, except where
explicitly stated.
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