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ABSTRACT
We discuss the effects of doping on the Cu chain sites in
YBa2Cu3_xMxO6+y. The relationship between bond lengths obtained from
neutron scattering and charge transfer is evaluated in terms of bond
valence. In particular, it is concluded that removing an oxygen from the
chains transfers one electron to the planes.
INTRODUCTION
A feature common to the copper-oxide high temperature superconducting
compounds is that they are antiferromagnetic insulators or metallic
superconductors, depending on the doping as, for example, in
La 2 - x Sr x Cu0 4 ("214"). YBa 2 Cu 3 0 6+y ("123") differs from "214", however,
as it contains two crystaltographically distinct Cu sites. The Cu2 sites
("planes") are similar to those in "214" whereas the Cu1 site ("chain")
exhibits two-fold coordination at y=0 and four-fold coordination at the
superconducting composition, y = 1 . In this paper, we demonstrate that the
effect of doping (i.e. changes in both x and y) in the Cu1 layer is to transfer
charge from the chains to the planes, which then suppresses T c . In this
respect, "123" is unique among the Cu-oxide superconductors.
Besides changing the oxygen content, y, doping can also be achieved by
substituting transition metals for Cu which then leads to the suppression
of Tc [1-3]. Such substitutions fall into two classes, divalent (eg. Ni and
Zn) and trivalent (eg. Co, Fe and Al). Structural studies [3-11] show that the
trivalent substitutions primarily occupy the Cu1 site whereas the divalent
substitutions have been reported to occupy the Cu2 site or both sites and
there is still some disagreement on the exact proportions. In analogy with
substitutions for Cu in "214" [12,13], it is found that Tc decreases rapidly
with divalent substitution concentration in "123" since the defects are
introduced directly into the CuO2 planes. In contrast, a much weaker
suppression of Tc with trivalent substitution into the Cu1 site is observed.
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CHARGE TRANSFER
It has been previously reported [4] that for doping within the Cu1 layer,
T c systematically decreases with the Cu1-04 bond length (the 0 4 site is
the bridging oxygen between Cu1 and Cu2). This is also the shortest bond
length in the system so that it is very sensitive to electronic changes of
the Cu1. Figures 1 (a)-(d) show that this relationship is part of a more
general structural response which is schematically illustrated in fig.2. Of
particular importance is that as T c decreases, not only does the Cu1-04
shorten, but the Ba ion also moves towards the Cu2 layer. Because Ba is a
well defined divalent ion, such behavior suggests that a larger fraction of
the Ba electrons will be shared with the Cu2 layer rather than with the Cu1
layer, thereby
filling
the
holes
which
are
necessary
for
superconductivity in this compound. It should be noted that the relationships
shown in fig.l hold for both oxygen content changes as well as for
transition metal substitution, which is quite remarkable.
We now semi-quantitatively address the relevance of the various bonds to
charge transfer using the established empirical relationship [17] between
bond valence and bond length. There are two basic types of Cu-0
bonds. Short bond lengths (1.8 to 1.9 A) have a bond valence of ~0.5 e " .
Thus, two-fold coordinated Cu is monovalent and four-fold is divalent with
three-fold
coordination
being
highly unfavorable. This is the likely
driving force for the oxygen superlattices in the chain layers observed [18]
for intermediate oxygen contents. The apex positions for higher oxygen
coordination (5 and 6-fold) are always found to be at longer distances (2.3 to
2.4 A) corresponding to - 0 . 1 5 e~ bond valence, which is significantly smaller
than for the short bonds. Thus, we are justified to think in terms of "CuO 2
planes" since the apex positions in higher than 4-fold coordination
configurations lead only to small effects.
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Fig. 2: Schematic representation of charge transfer and bond length
changes in the "123" compound. The Cu2 layer contains two C11O2
planes and Y. As the Cu1 layer is doped by trivalent ions for Cu or by
removing oxygen, charge is transfered via the Ba ion. The bond lengths
respond as shown.

Although the Cu2-O4 bond length undergoes a large change with T c
(see fig.1c), the above discussion leads to the conclusion that only a
fraction of 0.15 e~ would contribute to charge transfer ( - 0 . 0 4 e " per CuO 2
plane) -- which is too small to be the dominant effect. Alternatively,
the Ba ion provides the strongest coupling between the chain and plane
layers. When oxygen is removed, Ba goes from 10-fold to 8-fold coordination,
giving —0.4 e" charge transfer per CuO 2 plane (or twice that per unit
cell), assuming that the Ba-O4 bond valence does not change. This
assumption is actually quite reasonable since the Cu1-O4 bond valence is
expected to be the same for both the 2-fold and 4-fold geometries. Thus,
the "bond valence" between the Ba and the oxygens in the Cu2 layer
increases, thereby filling the holes (or equivalents lowering the formal
valence of the Cu2). As seen in fig. 1, trivalent substitutions behave
similarly to oxygen deficiency, which is a consequence of the higher valence
of the substitution.
It is worth noting that the bond lengths determined from neutron
diffraction yield an averaged value. For example, sites which are
missing an oxygen would have different local bond lengths. However, the
measured average bond lengths reflect the average bond valences so that it is
still meaningful to discuss continuously changing bond lengths as in fig.1.
These results are summarized in fig.2 where two Cu layers or units can
be distinguished. As the system is doped on the Cu1 layer, charge
transfer is mediated by the Ba ions. The systematic behavior found in
fig.1 is a consequence of doping on the Cu1 layer only -- for example, we
would not expect precisely the same bond length changes when doping on
the Cu2 sites with divalent substitutions or when substituting for Ba.
For
example, trivalent substitutions (eg. Nd, La) for divalent Ba will bring extra
oxygen into the chains as well as transfer charge to the planes without the
need for a significant displacement of the bond lengths [19].
Our analysis of charge transfer according to bond valence arguments
gives ~ 0.9 e " per unit cell. This is consistent with and is complementary
to x-ray absorption measurements [20] on YBa 2 Cu 3 0 6 +y which show that Cu
is formed in an amount slightly less than 1-y as oxygen is removed. Thus,
it is reasonable to conclude that the removal of one oxygen, O 2 ~,
converts a Cu1 from Cu 2 + to Cu 1 + and transfers an electron to the planes.
This is also consistent with the observations [20,21] of T c decreasing
proportional to y.

MAGNETISM
With the addition of the magnetic ion, Co, T c is suppressed and the
compound becomes an antiferromagnetic insulator for x > 0 . 4 . The fact that
it becomes insulating indicates that Co does more than just induce
magnetic ordering. Furthermore, a similar suppression of T c (as well as bond
length changes) occurs when Al is substituted. These observations provide
strong evidence that the loss
of superconductivity
upon
trivalent
substitution in "123" arises from charge transfer rather than from magnetic
pair breaking.

In analogy with the pure Cu compound (x=0), Co substitutions at
low
concentration
also
exhibit antiferromagnetic ordering or
superconductivity, depending on the oxygen content and has recently been
studied by neutron scattering [22-24]. As shown in fig.3, there are two
antiferromagnetic states: AF1 corresponding to magnetic ordering on the
planes sites, and AF2 corresponding to the subsequent magnetic ordering of
the chain sites.
The cross over from AF1 to superconductivity is related to the doping
in the planes and is characteristic of these Cu-oxide compounds. AF2 is a
new magnetic state due the substitution of a magnetic ion on the chain
site. However, it is surprising to find that the transition temperature for
AF2 also decreases with increasing oxygen content just as the upper
transition, AF1. This is opposite to what is expected from a simple ionic
model, since increasing the oxygen content would tend to raise the chain site
valence as well as strengthen the superexchange among the chain sites both would favor increasing transition temperature for increasing oxygen
content. Therefore, the detailed behavior of AF2 seems to be intimately
related to the charge transfer which occurs as oxygen is removed and the
results of fig.3 provide a simple, but rigorous test for theoretical models of the
electronic properties of this compound.
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Fig. 3: Diagram showing the antiferromagnetic (AF) and superconducting
(SC) behavior for YBa 2 Cu2. 8 Coo.20 6+y as a function of oxygen content.
AF1 corresponds to AF ordering of the planes whereas AF2 corresponds
to the subsequent ordering of the chains and is a new magnetic state
induced by the Co substitution. Note that the transition temperatures for
both AF1 and AF2 decrease with increasing oxygen content.
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