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A bond valence analysis of the title compound indicates that Cu'* is found only on the Cul site but
Cu?* is found on both sites with a 25% occupancy on Cu2 and a 50% occupancy on Cul forx = 7. The
analysis also predicts how the electron holes would be distributed over the four crystallographically
distinct O atoms if they reside on the O rather than the Cu atoms. Modeling the two end members using
Kirchoff-like network equations and a distance-least-squares refinement shows that the bonds most
sensitive to Cu oxidation are those formed by Ba and that the structure is subject to internal stresses

that are close to a ferroelastic instability at x = 6 and a ferroelectric instability at x = 7.

Press, Inc.

1. Introduction

From the stoichiometry of Ba,YCuzO,
(YBCO) one would expect, in addition to
Cu?*, to find Cu!* present when 6.0 < x <
6.5 and Cu* when 6.5 < x < 7.0.

Is it possible to determine how the differ-
ent oxidation states distribute themselves
over the two Cu sites? This paper describes
how the observed bonding geometry can be
used to infer the distribution of the charges
and to reveal the presence of internal
stresses and potential instabilities in the
two end members.

Information about the oxidation state of
Cu comes from the length of the Cu-O
bonds since higher oxidation states result in
shorter bonds. Bond valences (s) are calcu-
lated from the bond lengths (R) using the
equation

s = exp((Roy — R)/B),
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where Ry and B are constants whose values
have been tabulated for many bond types
(Z). It has been shown (2) that for most in-
organic compounds the sum of the bond va-
lences around any atom lies within 0.1 of its
formal oxidation state, a result that can be
used to determine the oxidation states in
mixed oxidation compounds such as YBCO
(3, 4). This rule, known as the Valence Sum
Rule, is obeyed in most compounds in
which bonds are found only between atoms
of opposite formal charge, regardless of
whether the bonds are ionic or covalent in
character. For convenience the terminol-
ogy of the ionic model is retained in this
paper without implying that the bonding is
necessarily ionic.

Bond valence sums at Cu have been cal-
culated for YBCO by Capponi et al. (5),
Hewat et al. (6), and David et al. (7) for the
structures whose determinations they re-
port and by O’Keeffe and Hansen (8) for
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the two end members whose structures
they also model. In YBCO with x = 6.8 to
7.0 Capponi et al., Hewat et al., and
O’Keeffe and Hansen conclude that the
Cu3t is distributed (almost equally) be-
tween the two sites while David et al. con-
clude that it occurs only on the Cul site.
The latter group appear to have made an
addition error in calculating the valence
sums around Cu2 but the results reported
by the Grenoble group (5, 6) and O’Keeffe
and Hansen (8) are in general agreement
with the present analysis though only the
latter confirm their analysis by reporting
the valence sums around all atoms.

While the results obtained in these earlier
studies give an essentially correct picture of
what happens in the end members, the anal-
yses did not consider other compositions
nor the difficulties inherent in applying the
bond valence approach to YBCO. First, the
structure of YBCO is highly constrained,
having only as many free crystallographic
parameters as it has crystallographically
distinct atoms. Under these conditions the
Valence Sum Rule is often not well obeyed
and cannot be relied on. Second, the value
of Ry in Eq. (1) varies with the oxidation
states of the two atoms that define the
bond. Thus the calculated bond valence
sum depends in part on an already assumed
oxidation state. Third, there are not many
well characterized oxides containing Cu®*
that can be used to determine R, for Cu?*—
02~ bonds and there is some question as to
whether the electron hole resides on the Cu
or the adjacent O atoms. Against these diffi-
culties the bond valence model provides a
number of checks of internal consistency.
The average Cu oxidation state determined
from the bond valence sums (i.e., from the
observed bond lengths) should lead to
charge neutrality and the valence sums
around the non-Cu atoms should be equal
to their formal oxidation states.

In Section 2 of this paper the problem of
determining the correct R, parameters is
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discussed. Section 3 describes the bond va-
lence calculations and points out some con-
sequences which are checked in Section 4
by modeling the end members of the series
under various assumptions of charge distri-
bution. The internal stresses which are re-
vealed by these analyses are described and
their consequences explored in Section 5
and Section 6 describes the charge distribu-
tion that is found. Section 7 summarizes the
important conclusions of this study.

2. Determination of the Bond Valence
Parameters R,

Crucial to this analysis is the choice of
the parameters Ry and B in Eq. (1). Brown
and Altermatt (/) have shown that B can be
set to 0.37 for most, if not all, bonds and
have determined values of R, for many cat-
ion-anion combinations including Cu?*-
0* (R, = 1.679 A) by solving Eq. (2) for
Ry,

V=25 =2In(R, — R)0.37), (2

where the sum is taken over all the bonds, i,
in a cation coordination sphere and V is set
equal to the oxidation state of the cation.
Values of R, for each of the known oxygen
coordination spheres around a particular
cation (e.g., Cu?*) were averaged to give
the reported values. A similar analysis of
Cu'* compounds gives Ry = 1.60 A. The
determination of R, for Cu3* is more diffi-
cult, partly because of the paucity of good
structure determinations and partly be-
cause of uncertainty in the correct formula-
tion of the atomic charges. Photoemission
and Auger spectra of YBCO and similar
compounds containing Cu** have been in-
terpreted (9) as indicating that the copper is
not in the d® configuration (corresponding
to Cu*) but 42 and that the electron holes
are to be found in 2sp levels of the O atom.
If the compound NaCuOQ;, is formulated as
NatCu?*O!5- rather than Na+Cu*tQ?~ a
different value of R, will be obtained.
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Although values of Ry can be calculated
for both formulations of the oxidation state,
the formulation with Cu?* presents both
conceptual and practical difficulties. One of
the virtues of the bond valence approach is
that the sum of the bond valences around
any atom, whether cation or anion, is equal
to the atom’s formal oxidation state. In
most compounds oxidation states are inte-
gers and are well defined by the usual rules
of chemistry. Formulation of Cu in NaCuO,
as Cu?* requires a fractional (—1.5) oxida-
tion state for O. In more complex struc-
tures where the O atoms are not all equiva-
lent, the fractional oxidation states cannot
be assigned a priori and one looses the abil-
ity to use the valence sums around the O
atoms as a check on the consistency of the
bond valence analysis. In addition, for
bonds formulated as Cu?*—O*, either a
different value of Ry, must be found for each
value of x or an appropriately weighted
mean of R, for the (hypothetical) Cu>*-0O~
bond and R, for the Cu?*—0?~ bond must
be used. Given the small number of suitable
structures for determining Ry, there are
good computational reasons for staying
with the simpler Cu®* formulation. Fortu-
nately there is an easy transformation be-
tween the two. Equation (1) can be rewrit-
ten to show that changing R, to R, scales
the bond valences by exp((R; — Rgy)/B)
which, in this case, means multiplying the
bond valences calculated for Cu?* by % (to
give the correct valence sum at Cu).! It then
follows that the valence sums at an O atom
will be reduced in direct proportion to the
total strength of the Cu—O bonds it receives
and this in turn gives a prediction for the
way in which the electron holes are distrib-
uted among the O atoms. Without loss of
generality, therefore, the bond valences

1 Strictly the ratio will be slightly different for each
bond since R, will depend on the actual oxidation state
of the terminal O atom. This difference will hardly be
significant given the other uncertainties of the anal-
ysis.
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can be calculated by assuming the holes are
on the Cu. The bond valences can then be
transformed to the case where the holes are
on O and the implications of this assign-
ment can be explored.

A practical problem in determining R,
arises from the lack of accurate structure
determinations of compounds containing
Cu3*. Only compounds in which all the Cu
is assigned as +3 and all the ligands are O
can be used. Of the following compounds
that satisfy these criteria, namely,

Li;CuO; (10)

LaCuO; (11)

SrLaCuO, (12)

MCuO,;, M = Na, K, Rb, Cs (13, 14)
KCu(10¢H),0,H>(H,0)s (15),

compounds 2 and 3 must be excluded as
they are highly constrained (few free crys-
tallographic parameters) and under these
conditions the Valence Sum Rule cannot be
relied on as discussed below. Compound 1
has a poorly refined structure (R = 0.11)
with a Li-O distance that is clearly too
short. It too should be excluded. This
leaves five compounds, four of which are
essentially isostructural, from which to de-
rive the value of Ry. The isostructural se-
ries 4 gives Ry = 1.739 A and compound 5
gives 1.711 A. The value of 1.73 A is used in
the following calculations.

N

3. Calculation of the Bond Valence Sums

Thirteen determinations of the structure
of YBCO with differing values of x were
examined. Because different authors use
different labeling schemes for the O atoms,
I have adopted a rational labeling scheme in
which Ob is the atom lying along the b di-
rection, and Oc is the atom lying along the ¢
direction, from Cul (the origin). The atoms
lying in the plane of Cu2 are labeled Op or
Opa and Opb where Cu2-Opa lies along
the a direction and Cu2-Opb lies along the
b direction.
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Whenever possible room temperature
studies were used but those for the com-
pounds with x = 0.42 and 0.65 were avail-
able only at high temperature where the
unit cell is thermally expanded. In these
cases the bond distances were multiplied by
0.985 and 0.990, respectively, to simulate
room temperature values.

Bond valences were determined from the
bond lengths using Eq. (1). B was taken as
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0.37, values of R, used for Cu* and Cu*
are those given above. Values of R, for
other atoms were taken from (J). As a
check bond valence sums were calculated
around all atoms (Table I). Valences
around Cu were initially calculated on the
assumption that all Cu atoms were Cu?",
Deviations of the valence sums from 2.0 at
the Cu sites were taken to be prima facie
evidence of partial occupation by Cu'* or

TABLE 1

VALENCE SuMs CALCULATED WITH THE Cu*, Cu?*, AND Cu?* OCCUPANCIES GIVEN IN TABLE IV
(EXPECTED VALUES IN PARENTHESES)

x Cul Cu2 Y Ba Ob Oc Opa Opb
* * (3.00) (2.00) (2.00) (2.00) (2.00) (2.00)
6.0 1.17 2.06 2.78 1.75 — 1.74 2.02¢
6.0 1.18 2.09 2.86 1.81 — 1.77 2.07¢
6.0 1.19 2.10 2.90 1.82 — 1.79 2.09¢
6.20 1.53 2.08 2.88 1.86 1.52 1.85 2.054
6.42 1.86 2.04 2.80 1.93 1.59 1.90 1.99¢
6.65 2.00 2.10 2.90 2.07 1.63 1.92 2.05 2.10¢
6.77 2.11 2.16 2.88 2.06 1.74 1.97 2.04 2.03¢
6.79 2.08 2.20 2.89 2.18 1.75 1.98 2.07 2.05/
6.81¢ 2.24 2.12 2.82 2.14 1.82 2.00 2.03 2.01%
i 2.09 220 2.82 2.14 1.80 1.9 2.05 2.03
6.85¢ 2.40 2.09 2.90 2.14 1.85 2.03 2.04 2.02/
d 2.17 2.21 2.90 2.14 1.81 2.02 2.06 2.04
6.91 2.19 2.23 2.90 2.19 1.83 2.01 2.07 2.05%
6.93 2.30 2.19 2.88 2.17 1.83 2.03 2.04 2.02¢
7.00 2.38 2.20 2.88 2.20 1.85 2.04 2.04 2.03/

Note. The italicized valences correspond to sites that are partially vacant.
* See Table IV for expected values of Cu valence sums.

@ Ref. (6).
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Cu?*. Bond valences were then calculated
with Cu as Cu* or Cu?* as appropriate and
new valence sums around Cu determined.
The proportion of Cu®* (y) on the site was
determined using the equation

y=WVa =iV + 1.0 =V3, ()

where V, is the valence sum at Cu calcu-
lated with Ry, = 1.679 and V; is the valence
sum with Ry = 1.730. A similar expression
was used to determine the fraction of Cu®*
in the cases where it was present.

The valence sums around all atoms are
listed in Table I. Those around Y, Opa and
Opb remain close to 3.0 and 2.0, respec-
tively, at all values of x. The valence sum
around Ob, the site that is assumed to con-
tain the vacancies, falls as the O atoms are
removed, indicating a tendency for the at-
oms to relax away from the vacant sites.
The valence sums around Oc and Ba also
drop as x decreases, but the valence sums
around the Cu atom, while dropping in ab-
solute terms, increase relative to their ex-
pected value as shown in Fig. 1. The dis-
crepancy around the Cu atoms could be
removed (for x > 6.5) by using Ry = 1.753 A
for the Cu?*—0?~ bond (a value that is unac-
ceptably large), but the behavior shown in

Valence Sum Excess
]
Q@
&~

-06

Fi1G. 1. Differences between the observed valence
sums and the oxidation states for Ba (squares) and Cu
(circles) per formula unit (Ba,Cu;). Open figures are
from experiment, the solid figures are from the models
(Tables II and I1I).
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Fig. 1 is typical of crystals with internal
stress and suggests that the discrepancy
arises, not from an incorrect choice of Ry,
but from the inability of the highly con-
strained structure to relax sufficiently to
satisfy the Valence Sum Rule. In order to
test this hypothesis the two end member
structures were modeled to see if these de-
viant valence sums were reproduced.

4. Modeling the Structures

In order to examine the effects of the ge-
ometric constraints the two end member
YBCO structures were modeled with the
program STRUMO (/6) using the Kirchhoff
network equations (which predict bond dis-
tances that satisfy the Valence Sum Rule)
and Distance Least-Squares (DLS, which
finds the atomic coordinates that minimize
the difference between the predicted and
observed bond lengths weighted according
to the bond valence). The Kirchhoff equa-
tions predict the bond valences by distribut-
ing the atomic valences as uniformly as
possible between the bonds consistent with
the Valence Sum Rule. Bond lengths pre-
dicted by this procedure usually agree to
within 0.05 A with those observed provided
that the atoms show no special electronic
effects such as the Jahn-Teller distortion
which is observed around Cu2.? In order to
allow for this effect the valence of the Cu2-
Oc bond was held at its observed value. In
the DLS refinement the bond distances pre-
dicted by the Kirchhoff analysis provide
sufficient constraints (6 and 11 respectively -
for x = 6 and 7) to determine all the variable
atomic coordinates (4 and 6 resp.). The lat-
tice parameters were fixed at their observed

2 The presence of a Jahn-Teller distortion is usually
indicated by an atom having a lower site symmetry
than might have been expected. In the case of YBCO
its presence is indicated by the fact that, without using
the constraint described in the text, the Kirchhoff
equations predict that Cu—Oc will be shorter than Cu—
Op, as originally noted by O’Keeffe and Hansen (8).
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values and no nonbonding distances were
used as targets. The results are summarized
in Tables Il (x = 6.0) and III (x = 7.0). In
the latter table three models are developed
a) with Cu** only on the Cu2 site, b) with
Cu valence distributed as shown in Table
IV and ¢) with Cu?* only on the Cul site.
The values calculated from the Kirchhoff
analysis are given on the left and those from
the DLS refinement in the center. The ob-
served values are given on the right. Al-
though for the Kirchhoff predictions, the
valence sums are required to be equal to
their ideal values, there is no guarantee that
the predicted distances can actually be real-
ized within the constraints of the observed
unit cell. The DLS calculation gives the
best fit that is possible in the real crystal
and reflects the constraints that apply to the
observed structure. In all cases the DLS
calculation yields both bond lengths and va-
lence sums that are much closer to the ob-

TABLE I
MODELING OF THE STRUCTURE OF Ba,YCu;O¢

Kirchhoff  DLS
model model  Observed

Distances (A)
Ba-Oc¢ 2.68 2.74 2.78
Ba-Op 2.98 3.03 291
Y-Op 2.38 2.39 2.40
Cul-Oc¢ 1.86 1.86 1.79
Cu2-Oc¢ 247 2.44 2.47
Cu2-Op 1.96 1.94 1.94
rms(obs — calc) 0.06 0.06

Bond valence sums

Ba 2.00 1.69 1.81
Y 3.00 2.96 2.86
Cul 1.00 1.00 1.18
Cu2 2.00 2.11 2.09
Oc -2.00 -1.78 -1.77
Op -2.00 -2.00 -2.07
rms(obs — calc) 0.17 0.10

Note. Values in italics were assumed in the calcula-
tion.
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served values than are those of the Kirch-
hoff analysis, supporting the idea that the
discrepancies arise from the constrained
nature of the crystal structure. The DLS
model for x = 6 (Table II) shows, as ob-
served, a valence deficit on Ba and Oc and
a valence surplus on Cu2. For x = 7 (Table
III) model a gives the poorest fit with ex-
periment and, although models b and ¢ ap-
pear to be similar, model b best reproduces
the sensitive Ba—O bonds. The true valence
distribution thus lies close to the values
given in Table IV (corresponding to modei
b) but the possibility of a higher Cu?* con-
tent on the Cul site cannot be ruled out.
One unexpected result of developing the
above three models is the discovery that,
because of the change of R, with oxidation
number, the Cu-O bond lengths are not as
good indicators of the Cu oxidation states
as the Ba—O bonds. The filled points in Fig.
1 represent the results of the model calcula-
tions (model b in the case of x = 7). They
show the success of the models in repro-
ducing the deviations of the observed va-
lence sums from their expected values and
confirm that it is the internal stresses aris-
ing from the constrained structure that are
responsible.

5. Internal Stress in YBCO

The ideal pervoskite structure (ABQO-)
can be used as a model for the internal
stresses in YBCO. Perovskites consists of
two components, a large atom (A) that oc-
cupies the middle of a cubic cage (BO,). If
the A atom is too large for the cage (indi-
cated by valence sums at A that are larger,
and at B that are smaller, than expected),
the cage is in tension and the A atom in
compression. If A is too small, the situation
is reversed. If the valence sum at each cat-

- ion differs by more than 0.2 from its ideal

value (see Figs. 5 and 6 of (3)) the cubic
structure is distorted either by the B atom
moving off center in its octahedron (when A
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TABLE III
MoODELING Ba,YCu;0,

Kirchhoff model DLS model Observed
a b c a b c a b c
Distances (A)

Ba-Oc¢ 2.71 2.75 2.79 2.72 2.74 2.76 2.74

Ba-Ob 2.78 2.87 2.99 2.76 2.84 2.95 2.87

Ba-Opb 3.36 3.09 2.94 3.09 3.00 2.90 2.96

Ba-Opa 3.36 3.09 2.94 3.16 3.06 2.95 2.98

Y-Opb 2.38 2.38 2.38 2.38 2.38 2.37 2.41

Y-Opa 2.38 2.38 2.38 2.37 2.38 2.38 2.38

Cul-0b 1.96 1.90 1.86 1.94 1.94 1.94 1.94

Cul-Oc¢ 1.92 .86 1.81 1.91 1.86 1.81 1.85

Cu2-Oc¢ 2.30 2.30 2.30 2.29 2.30 2.27 2.30
Cu2-Opb 1.94 1.94 1.97 1.95 1.96 1.97 1.96
Cu2-Opa 1.94 1.94 1.97 1.93 1.94 1.95 1.93

rms (obs — calc) 0.18 0.06 0.05 0.07 0.03 0.03

Bond valence sums

Ba 2.00 2.00 2.00 2.19 2.17 2.17 2.20

Y 3.00 3.00 3.00 3.04 3.0t 3.01 2.88

Cul 2.00 2.50 3.00 2.04 2.38 2.56 2.06 2.38 2.59
Cu2 2.50 2.25 2.00 2.48 2.20 2.12 2.29 2.20 2.14
Oc 2,00 -2.00 -2.00 -1.97 =205 -2.09 -2.01 -2.04 -2.09
0Ob 200 -2.00 -2.00 -2.10 —-195 -2.03 -1.80 ~1.85 -—1.94
Opb 2,00 =200 —2.00 -2.07 -2.01 -2.00 -2.06 -2.03 -1.99
Opa 200 -2.00 -2.00 -2.13  =-2.04 -—-197 -2.09 =204 201
rms (obs — calc) 0.16 0.11 0.18 0.14 0.06 0.06

Note. Values in italics were assumed in the calculations.

is too large) giving rise to a ferroelectric
phase (e.g., BaTiOs) or by the cage collaps-
ing by a rotation of the octahedra (when A
is too small) giving rise to a ferroelastic
phase. In both cases the environment of the
cation that is in tension is distorted, a pro-
cedure that can increase its valence sum
without changing its average bond length
(2). Undistorted cubic perovskites are quite
rare and are only found when the valence
sums of the cations in the cubic phase lie
close to their ideal values.

The structure of YBCO is composed of
oxygen deficient slabs of perovskite-like
material having a thickness of two cubes (in
the ¢ direction) but extending indefinitely in
the a and & directions. The Ba atoms lie in

the cavities of the Cu;0O, cages. At x = 6 the
cavity is larger than the Ba ion as indicated
by the low valence sums illustrated in Fig.
1, but for x = 7 the cavity is smaller than
the Ba ion, the fit being perfect somewhere
around x = 6.55. The change in size arises
from the decrease in the Cu ionic radius
with increase in oxidation state and the in-
crease in the Ba ionic radius with coordina-
tion number. The magnitude of the discrep-
ancies between the observed and expected
valence sums shown in Fig. 1 suggests that
the structures of both end members are
close to instability. At x = 6 the Ba atom is
in a cavity that is too large. The resulting
stress would be relieved by a collapse of the
cages (e.g., by a ferroelastic rotation of the
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TABLE IV

PERCENTAGE OF Cu*, Cu?*, aAND Cu?** FoUND oN THE Cul AND Cu2 SITES FOR DIFFERENT OXYGEN
CONTENTS DERIVED FROM THE VALENCE SUMS AT Cu CORRECTED FOR THE EXPECTED UNDER- AND OVER-

BONDING SHOWN IN FiG. 1

Cul Cu2
Expected Expected
x x' Cu* Cu?* Cu3* valence Cu* Cu?* Cu+ valence
6.00 5.97 95 5 0 1.05 5 95 0 1.95
6.20 6.22 57 43 0 1.43 0 100 0 2.00
6.42 6.41 18 82 0 1.82 0 100 0 2.00
6.65 6.63 0 99 1 2.01 0 88 12 2.12
6.77 6.77 0 84 14 2.14 0 80 20 2.20
6.79 6.80 0 90 10 2.10 0 75 25 2.25
6.81 6.81 0 89 11 2.11 0 75 25 2.25
6.85 6.88 0 79 21 2.21 0 73 27 2.27
6.91 6.91 0 76 24 2.24 0 71 29 2.29
6.93 6.93 0 62 38 2.38 0 76 24 2.24
7.00 7.00 0 51 49 2.49 0 75 25 2.25

Note. x is the oxygen content determined from the diffraction stoichiometry and x’ is the oxygen content
required to neutralize the Cu distribution shown. The expected valences are those implied by the oxidation state
distribution given. They should be compared with the valence sums given in Table 1.

CuO4 planes) to lower the symmetry
around Ba as pointed out by O’Keeffe and
Hansen (8). At x = 7 the Ba atom is in a
cavity that is too small. The resulting ten-
sion in the Cu;0, cages is already partially
relieved by the orthorhombic distortion
which both lengthens the Cul-Ob bond and
increases the average Cu2-0O bond length
through the distortion it produces in the en-
vironment of Cu2. The distribution of the
Cu?* over both sites probably also helps to
relieve the stress. None the less, the Cu
atoms are still in cavities that are too large.
Relief could be accomplished by a transfor-
mation that increases the range of Cu-O
distances such as a ferroelectric displace-
ment of the Cu atoms from the centers of
their coordination spheres.

6. Valence Distribution in YBCO

Table IV gives the best estimates of the
valence distribution in the structures exam-
ined though, as noted above, there may be

more Cu?* on the Cul site. The same
results, expressed in terms of the apparent
oxidation states of the two Cu atoms, are
shown in Fig. 2. The distributions in Table
IV were calculated using Eq. (3) with va-
lence sums corrected (using the straight
lines in Fig. 1) for the effects of internal
stress. They give a satisfactory prediction
of the stoichiometry as shown by a compar-
ison of x and x’ in Table IV,

In agreement with the previous studies
(8, 17) Cu'* occupies the Cul site exclu-
sively but is gradually replaced by Cu?* as x
increases from 6.0 to 6.5. Because of the
relatively small differences in the geometry
at different values of x, the changes that
occur in the valence sums at Cu result al-
most entirely from changes in the occupa-
tion numbers of the O atoms. Reducing the
occupation number of an O atom by 0.1 re-
duces the apparent valence of each adja-
cent Cu atom by the same amount. Since
there is some disagreement between au-
thors about which O site contains the va-



130
25
o]
B o
i S B x
o X
[N = X %’
kS| X
('})‘ZOEE X717 Or—— T
c 160 65 70
e o
I
B L
x
O |
151
I o

108

F1G. 2. Apparent oxidation state (vertical axis) of
Cul and Cu2 as a function of x, the oxygen content
(horizontal axis). The circles refer to the Cul site, the
crosses to Cu2. Oxygen vacancies are all assumed to
occur at the Ob site.

cancies, there are problems in calculating
accurate valences for the Cu sites. In this
analysis 1 have assumed that the vacancies
all occur on the Ob site though Table I also
includes the valence sums calculated as-
suming the authors’ assignments of occupa-
tion numbers where these are different. If
the vacancies were to occur only on Ob and
if the bond lengths were not to change with
x, then the valence of the Cul site would
change linearly from 1.0 at x = 6.0 to 3.0 at
x = 7.0. Over most of this range the bond
lengths indeed do not change, but between
x = 6.5 and 6.75 the Cul-Oc bond becomes
0.05 A longer and the Cu2-Oc bond be-
comes 0.15 A shorter with the result that
for 6.50 < x < 6.75 the valence of Cul lies
about 0.1 valence units below that of Cu2.
For 6.75 < x < 7.0 the geometry again re-
mains fixed and the additional electron
holes move onto Cul. At x = 7.0 the formal
charge of Cul has increased to 2.50 while
that of Cu2 remains at 2.25 as shown in Fig.
2. If the O vacancies occur on the Opa
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sites, as has been suggested by some of the
authors, the charge on Cul would tend to
remain higher than that on Cu2 but, in any
case, both sites would be partially occupied
by Cu?* and both models predict the same
charge distribution at x = 7.0. The model-
ing of the structure with x = 7 under the
assumption of three different valence distri-
butions confirms the distribution and indi-
cates its accuracy.

According to Auger and photoemission
spectroscopy (9), the electron holes do not,
in fact, reside on the Cu atoms as assumed
in this analysis but, as pointed out above,
this does not invalidate the analysis. On the
contrary, the analysis, suitably modified,
provides the opportunity of determining the
distribution of holes over the different oxy-
gen atoms in the unit cell. By reducing the
bond valences by a factor of £ and calculat-
ing the change produced in the valence
sums at the O atoms it is found that at x =
7.0, and about 0.2 electron holes are ex-
pected on Ob, 0.15 on Oc, 0.12 on Opa, and
0.10 on Opb.

7. Conclusions

The present analysis shows that bond ge-
ometry can be used as a tool for determin-
ing the distribution of electron holes even in
a constrained crystal such as YBCO. It can-
not determine whether the holes are on the
Cu or the O atoms, but it can determine
which bonds they are associated with. In
the case of crystals like YBCO that are
crystallographically constrained, the bond
valence sums may not correspond well to
the actual oxidation states of the ions and a
careful analysis of all the valence sums and
a modeling of the structure under various
assumptions is needed to obtain a full un-
derstanding of the charge distributions.
Such an analysis also reveals the nature of
the internal stresses in the crystal and its
incipient instabilities.
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