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We present the results of a neutron powderMiffraction study on YBa2Cus-, Co,07-». We Snd
that Co preferentially occupies the Cu(1) site, simultaneously attracting extra oxygen into these
layers in an amount consistent with Co(110 replacing Cu(11). This compound displays a transi-
tion from orthorhombic-to-tetragonal structure for x between 0.05 and 0.1, while T, decreases
continuously and the compound becomes nonsuperconducting for x 10.4. %e note several impor-
tant relationships between bond-length changes, which re8ect charge transfer among the ions.
Also, we Sad that T, changes systematically with the Cu-0 bond length.

YBa2Cus07-„ is superconducting' above 90 K and has
a threefold stacked perovskite structure where the central
perovskite unit contains Y while the two remaining units
contain Ba. There exist two Cu sites, Cu(1) located be-
tween two Sa planes and Cu(2) located between the Y
and Ba planes. Diffraction studies show that the structure
is slightly orthorhombic with oxygen ordered along
"chains" within the Cu(1) planes. 2 s Vacuum annealin
produces oxygen vacancies in the chains, which induces
an orthorhombic-to-tetragonal transition near y-0.5.
Neutron powderMifFraction studies on oxygenMeficient
YBa2Cus07-», quenched from high temperatures, reveal
that T, falls continuously as the oxygen transforms from
ordered on the chains to disordered, with T, vanishing for
the tetragonal structure, thus providing evidence that the
chains may be important for superconductivity. There
has been an efFort to perturb the structure through iso-
morphous substitutions ' in order to investigate which
structural features are relevant to high T,. Magnetic
rare-earth ions substituted's for Y in YBa2Cus07-„have
essentially no effect on T„suggesting that superconduc-
tivity develops far from the Y site, near the Cu(l) site.
Recently, 3d transition-metal substitution" ' ' ' for Cu
shows a diminution of T, as the doping concentration is
increased. Substitution for Cu should provide the most
sensitive information regarding the relationship between
structure, chemistry, and high-temperature superconduc-
tivity, since, the above results suggest that Cu is involved
in the superconducting activity. In this work, we present a
neutron powderMiffraction study on YBa2Cus- Co-
07 „ to determine the structural properties of this com-
POQAd.

As shown in Fig. 1, T, falls monotonically with increas-
ing Co concentration and vanishes near x 0.4. With the
addition of Co, the structure transforms from orthorhom-
bic to tetragonal for x between 0.05 and 0.1. Thus, high-
temperature superconductivity persists in a tetragonal
structure, in the absence of long-range Cu-0 chains, sug-
gesting that these chains might not be essential for high
T,. Magnetic susceptibihty measurements's show that
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FIG. 1. Superconducting temperature T, as a function of Co
concentration. The dashed line indicates the orthorhombic-to-
tetragonal transition.

the Co has a paramagnetic moment of 3.5pg independent
of x. However, magnetic interactions may not exclusively
cause the diminution of T„since, we find that nonmagnet-
ic ions such as Zn and Al also reduce T,. In fact, both
magnetic Ni and diamagnetic Zn affect T, in an identical
manner. Alternatively, we present evidence that T, is
affected by the nature of the chemical bonds.

Neutron powder diffraction was performed on two Co-
doped samples for x 0.2 and O.S. We also studied these
same samples when oxygen deficient after vacuum anneal-
ing. The details of sample preparation have been reported
elsewhere. 's T, (midpoints) were determined's resistively
as well as by ac and dc susceptibility. The room-
temperature, high-resolution, neutron powder&iffraction
data were collected on the special environment powder
diffractometer (SEPD) at the Intense Pulsed Neutron
Source (IPNS) of Argonne National Laboratory. The
time-of-Sight data obtained at a scattering angle of 150'
were used for the analysis below. Both the neutron data
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TABLE I. Site occupancies found from neutron pounder
di6'raction on Yaa2Cu3- Co„Oq.y3-„. The estimated standard
deviation is given in parentheses.

Oxygen-annealed
x 0.2 x 0.8

Vacuum-annealed
x 0.2 x ~0.8

Co(1)
Co(2)
O(1)

O.22 (2)
0.22 (1)
o.oo (2)
1.04 (2)
O. 11 (2)

o.s3 (2)
O.73 (1)
o.1o (2)
1.3O (2)
O.37 (2)

0.20
0.20
0.00
0.45 (3)

—o.4s (3)

o.s2 (2)
O.67 (1)
0.15 (2)
0.91 (2)

-o.o2 (2)

and previous x-ray diffraction show no evidence for im-

purity phases.
The powder&iffraction data were analyzed by the Riet-

veld technique' which allows the refinement of structural
parameters. For all samples, the refiections could be in-
dexed to the tetragonal P4/mmm space group. To include
the effects of Co substitution, the occupancies of the Co
and Cu were allowed to vary, independently, on both the
Cu(l) and Cu(2) sites, subject to the constraint of com-
plete occupancy for these sites. The occupancy of the
O(1) site [in the Cu(1) planel was also allowed to vary in
the refinement. For future reference, we define the oxy-
gen O(4) site as located directly above the Cu(1) site
along the e axis, and the oxygen O(2) sites lie within the
Cu(2) plane. This site notation is given in Ref; 9.

The occupancies obtained from the refinement are
shown in Table I. For x ~0.2, the Co completely occupies
the Cu(1) site, while for x 0.8 Co predominantly occu-
pies the Cu(1) site with a small amount on the Cu(2) site.
The x values are in excellent agreement with the concen-
tration expected from sample preparation and, since no
impurity phases were observed, all of the Co is accounted
for in the refinement.

Considering the oxygen annealed samples, the O(1) site
- occupancy increases as Co is substituted, indicating that

the Co valence is higher than that of Cu in the Cu(1)
sites. Similar behavior is also found for Al substitu-
tion 's's where the Al is a well-defined trivalent ion, there-
fore, Co(III) is likely in this case. The number of addi-
tional oxygens brought in by the Co may be used to deter-
mine the Cu(l) valence, v~(i). The fraction of Co on the
Cu(1) site, fco(i), times the differenc in valence between
Co(1) and Cu(1), hu, is equal to twice the number of ad-
ditional oxygen (Oz ):hvfc, (1) 2(yo —y), where 7-yo
is the oxygen stoichiometry in the undoped material.
From the occupancy data we obtain 7-yo 6.93+0.03
(i.e., YBazCu307-i, ,), and using Co(III), vc„(i&~1.98
+ 0.14. The Cu(2) valence, v~(z), may be calculated
from vc„(i)+2vc„&2) 7 —2yo (derived from the chemical
formula assuming Ba +, Y3+, and 02 ) to obtain
uc„&2) 2.44+ 0.08. These estimates have neglected
charge transfer between the Cu(2) and Cu(l) sites, as Co
is added. However, our data show that the Ba moves
away from Cu(1) towards Cu(2) with the addition of Co,
suggesting a negative charge transfer. This would have
the eff'ect of lowering the estimated uc„(i). Since
uc„(i) ~ 2 is not likely, due to charge balance arguments,

the observed Ba motion is probably a steric response and
charge transfer between Cu sites is small.

An oxygen concentration of 6.93 is in general agree-
ment with previous2~ 7'4's's neutron powder-diffraction
expemnents on oxygen-annealed YBa2Cu307 „which in-
dicate values slightly less than 7.0, where only half of the
available oxygen sites within the Cu(1) planes are filled.
Furthermore, the C+Aoped materials are tetragonal, yet
they exhibit a large number of oxygen vacancies, which, if
all were filled, would give an oxygen stoichiometry of 8.0.
These facts suggest that the maximum oxygen concentra-
tion limit is chemical in origin. Since the Cu(2)-O(4)
bond length is very long, leading to a small charge
transfer estimated' to be less than 0.2 electrons, the O(4)
and O(1) sites receive electrons almost entirely from the
Ba and Cu(1) ions which can contribute at most 6 elec-
trons [2 Baz+ and Cu(l) 2+1, thereby accommodating 3
oxygen ions [2 O(4) z and O(l) ). This configuration
corresponds to a limiting oxygen stoichiometry of 7.0.
However, dedicating both of the Ba + electrons to the
O(1) and O(4) oxygen atoms will not allow the Ba to bind
to the remaining structure; thus, some Ba charge must be
shared with the O(2) oxygens in the Cu(2) plane at the
expense of a reduced oxygen concentration in the O(l)
site, giving a maximum oxygen stoichiometry slightly less
than 7.0.

This charge balance may be summarized by considering
the structure as consisting of two "Cu layers" separated
by a Ba ion. The "Cu(1) layer" contains Cu(l), O(1),
and O(4) while the "Cu(2) layer" contains Cu(2), O(2),
and Y. Due to the weak Cu(2)-O(4) bond, the Ba ion
controls the charge balance between these layers. We
identify two predominant bond-length changes: the
Cu(1)-O(4) bond length changes to balance charge
within the Cu(1) layer while the Ba ion moves relative to
the Cu(1) and Cu(2) layers in order to balance charge be-
tween them.

To illustrate the behavior of bond lengths, the Cu(1)
-O(l) bond length is plotted versus the Cu(l)-O(4)
bond length in Fig. 2(a). The data for x 0.3 and the
oxygen&eficient, undoped materials have been taken from
the literature (Table II). With the addition of Co, the
Cu(l) -O(1) bond length increases with decreasing
Cu(l)-Q(4) bond length, first linearly, then saturating
near the value for the long Cu(1)-O(l) bond length
along the chains for undoped, orthorhombic
YBa2Cu307-~. The similarity of the Co(1)-Q(l) and
Cu(1)-O(1) bond lengths might account for the large
solubility limit for Co while lower solubility limits are ob-
served for other substitutions' such as Al, which is also
trivalent, but should desire a shorter bond length.

As small amounts of oxygen (y ~ 0.3) are removed, or
as Co is added, the decrease in Cu(1)-O(4) bond length
is matched by an increase in the Cu(l) -O(1) bond length
bolid line in Fig. 2(a)], while the Cu(1)-0 octahedral
volume remains approximately constant, as sho~n in Fig.
2(b). This may indicate that the Cu(1) valence is not
changing, while the hybridization of Cu-0 bonding or-
bitals will be aff'ected by the relative changes in Cu(1)-
O(1) and Cu(1) -O(4) bond lengths.

When large amounts of oxygen are removed, the
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Cu(1)-O(4) bond length decrease& considerably, while
the Cu(1)-O(1) bond length remains relatively constant
as indicated by the dotted lines in Fig. 2(a). An exception
is the Co x 0.8 sample, which appears to retain much of
its oxygen after vacuum annealing. The dcerea(te in the
Cu(l)-O(4) bond length is evidently an effort to com-
pensate for lost Os in the Cu(l) layer. However, we
have also noticed that the Ba ion exhibits a marked shift

FIG. 2. The local Cu(1)-0 envimnment is an octahedral
volume given by the nearest neighbor Cu(1)-0 coordination.
(a) shows that the coonhnation holmes increasingly asym-
metric as Co is added or as 0 is removed. The dotMshed hnes

are for the orthorhombic samples a&here both the e and b axes
have been plotted (x) while the circles are their average. (b)
demonstrates that the Cu(l)-0 octahedral volume is approxi-
mately constant for a Cu(1)-0(4) bond length & 1.81. The
+81bols axe clcSsed in Table II.

towards the Cu(2) layer, indicating a charge transfer be-
tween Cu layers. Therefore, unlike the case of small oxy-
gen removal, large oxygen deficiency cannot be compen-
sated locally within the Cu(1) layer and requires a charge
transfer between the Cu layers. From Fig. 2(b) we see
that, concurrently, the Cu(1)-0 octahedral volume de-
creases, which may be due to a smaller electronic contri-
bution from Ba, although at low O(l) occupancy, this

may also result from a reduced Cu(1)-O(l) average
coordination.

The presence of one extra oxygen for every two Co in

the Cu(l) plane provokes some thought as to the
configuration of these atoms. At low Co concentrations,
the Co ions would be far separated, making this composi-
tional relation between Co and dltygen diScult to satisfy
without long-range correlations. A possible remedy would
be to introduce pairs of Co, forming Co-O-Co, where
the additional oxygen could share one electron from each
of the Co neighbors. This pairing would not imply con-
ventional short-range ordering with the tendency to form
clusters (ultimately leading to the insolubility of Co), be-
cause once a pair is formed, there will be no further at-
traction among the Co. The axial nature of these pairs,
however, might be expected to cause short-range orienta-
tional ordering of pairs. Because powder diffraction mea-
sures only long-range order, we cannot directly infer such
pairing from these experiments.

It is tempting to argue that the additional oxygen
brought in by Co drives the orthorhombic-tetragonal tran-
sition by filling vacancies adjacent to the "chains. " How-
ever, the vacuum-annealed sample, YBa2Cu1 2Co() sOs 9, is
tetragonal while the oxygen stoichiometry has a value ex-
pected for an orthorhombic structure. These facts might
be explained if Co insists on having an oxygen coordina-
tion higher than fourfold, although, this would not neces-
sarily explain why the transition occurs for very low Co
concentration, corresponding to low additional oxygen
(~0.05). It is clear that the orthorhombic-tetragonal
transition for the Co substitutions is qualitatively different
than for the oxygen&eficient undoped material —the
latter being entropic in origin while in the former, the

TABI E II. Symbols used in Figs. 2 and 3.

YBnz«2.ICoe.z&.(N
YSagCu2. ICoo.pe.gg

YBngCu2. 2Coa, e01.1o

YSagCu2. 2coo.pe.yI

YSn2Cu2. 1Coo.30'.e)

YSaqCu30q. ~
YSaqCu 30'.73

Yaa~cu3au

This ~os
This work
TIBs work
This cwork

Ref. 20
Ref. 18
Ref. 18
Ref. 18
Ref. 18

) ~~i
t.rg 1.sg '1.81 t.ss 1.$3

Ce(I)-0(4) Bond Length (k)
1.85

FIG. 3. The continuous decrease of T, with Cu(1) —O(4)
bond length suggests that the supercondttcting properties are
correlated to the local electronic environment.
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transition is evidently driven by an eff'ective "applied
field. '* Such a field could arise from Co-0 bonds forming
elastic dipoles which would have, on average, tetragonal
symmetry. Further experiments are required to clarify
these points.

While the electronic properties may depend in a compli-
cated manner on many e8'ects, the Cu(1)-0(4) bond
length, which is also the shortest bond length in the struc-
ture, may be an important parameter refiecting the local
electronic properties. Figure 3 shows a plot of T, versus
Cu(l)-0(4) bond length for both the oxygenMeficient
and the Co&oped materials. It is clear that T, decreases
systematically with decreasing Cu(1)-0(4) bond length
for both. Although these data appear to be consistent
with a single line, the variation of T, with bond length
could be quantitatively different for each defect system.
The essential point is that the change in T, is correlated to

the local electronic properties, as refiected by the
Cu(1)-0(4) bond length. In particular, the change in T,
is more likely to be related to the hybridization of the or-
bitals rather than to valence changes, since the region of
decreasing T, is coincident with the region of constant
Cu(1)-0 octahedral volume. We conclude that the
suppression of superconductivity in this compound may be
more strongly coupled to the details of the chemical bonds
among the ions, and less a8'ected by the presence of
paramagnetic substitutional iona.
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