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YBay(Cu;_,Co,);0, (0 = x = }) was prepared by two kinds of heat treatments: (a) slow cooling from
850°C in flowing O, gas and (b) reducing at 800°C in flowing N, gas followed by reoxidation in flowing
O, gas below 400°C. The crystal structure, superconducting properties, and Co configuration of the
materials were examined by X-ray powder diffraction, electrical resistivity, and ¥Co emission Méoss-
bauer measurements. The orthorhombic phase was stabilized in the wide composition range (0 = x =
0.12) by the heat treatment (b) as well as in the Fe-substituted system. This extension of the orthorhom-
bic phase region is due to the clustering of Co atoms in the Cul-O planes, which is developed by the

heat treatment under a lower oxygen fugacity atmosphere at high temperature.

Introduction

It is well known that the substitution for
Cu in YBa,Cu;0, by other metals such as
Fe, Co, Ni, Zn, etc., has effects upon
its crystal structure and superconducting
properties. Such substitution reduces the
superconducting transition temperature,
Tc, and the substitution by Fe and Co
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induces an orthorhombic-to-tetragonal
structural phase transition (/-5). In the
previous papers, we reported that such
substitution effect is strongly affected by
the thermal treatment (6-8). For example,
YBa,(Cu,_,Fe,);0, prepared by slow cool-
ing from 850°C in flowing O, gas undergoes
the phase transition from the orthorhombic
to the tetragonal structure at about x =
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0.03 and Tc decreases with increase of x,
while the heat treatment of reducing in
flowing N, gas at 800°C followed by reoxi-
dation in flowing O, gas below 400°C stabi-
lizes the orthorhombic phase in the wide
composition range (0 = x = 0.15) and
Tco™et of this orthorhombic phase is about
85 K independent of x. From the system-
atic studies of ¥Fe Mossbauer spectros-
copy and ac susceptibility measurements,
we ascribed these phenomena to the clus-
tering of Fe atoms in the Cu(1)-O planes
(between two BaO layers), which is devel-
oped by the heat treatment under an atmo-
sphere of lower oxygen fugacity at high
temperature (6-8).

Thus, the crystal structure and supercon-
ducting properties of YBa,(Cu,_,Fe,);0,
are closely related to the microscopic struc-
ture of the substituent in the crystal. It is
interesting to examine the effect of thermal
treatment on the crystal structure and super-
conducting properties of YBa,(Cu,_,
Co,);0, and compare the results with those
of the Fe-substituted system. In this paper,
we report the results of the X-ray diffrac-
tion, electrical resistivity, and *’Co emission
Mossbauer measurements on YBa,(Cu, _,
Co,);0, and discuss the results from the
standpoint of the microscopic configuration
of Co atoms in the crystal.

Experimental

The starting compound of YBa,(Cu,_,
Co,);0, (0 = x = 3) was prepared by the
solid state reaction of 4N-Y,0;, BaCO;,
CuO, and CoO at 900°C in air. The pre-
pared compounds were divided into two
parts and were offered to the heat treat-
ments as shown in Fig. 1. Here, [O] is the
ordinary oxidizing treatment and [NO] is
the reduction by high purity nitrogen gas
at high temperature ([N]) followed by reox-
idation at low temperature. The phase iden-
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tification of the samples was made by X-ray
diffraction at room temperature.

The superconducting properties of the
samples were examined by electrical resisti-
vity measurements by use of the standard
four-probe method.

For the ’Co emission Mdssbauer mea-
surement, two pellets of the starting com-
pound with diameter of about 10 mm and
thickness of about 1.5 mm were sintered
at 900°C for 24 hr in air. About 15 ul of
0.1 N hydrochloric acid solution of S’CoCl,
(including about 37 MBq “Co) was
dropped on each sintered pellet. The dried
pellets were heated at 900°C for 3 hr in
flowing O, gas to diffuse *’Co into the
materials and slowly cooled to the room
temperature in 14 hr under the same atmo-
sphere. Then one of the pellets was treated
by [NO]. Mossbauer measurement was
done on the pellet-formed samples at room
temperature. Emission spectra were re-
corded using a single line absorption of
TFe in Pd matrix. The sign of the velocities
was reversed to correspond to an absorp-
tion experiment. The isomer shift is given
with respect to bcc Fe.

Results

1. Phase Identification

Figures 2(a), (b), and (c) show lattice
parameters vs x in YBay(Cu, _,Co,),0, for
the samples [O];, [N],, and [NO]J,, respec-
tively, where [O],, [N],, and [NOJ, denote
the samples prepared by the heat treat-
ments of [O], [N], and [NO], respectively.
The phase transition from the orthorhom-
bic to tetragonal structure takes place at
about x = 0.04 in [O],, which agrees with
the results of many other works (/-5). The
crystal structure of the samples obtained
by [N] is tetragonal in the whole range of
x investigated. This tetragonal phase is an
oxygen deficient one. On the other hand,
the crystal structure of |[NOJ, is orthorhom-
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F1G. 1. Flow chart of the heat treatments of [0}, [N], and [NO}.

bic up to x = 0.12. In the whole range of
x investigated (0 = x = §), no second phase

was recognized.

2. Superconducting Properties

The x-dependence of Tc, together with
the width ATc, is shown in Figs. 3(a) and (b)
for [O]; and [NOJ,. Tc for both [O] and
[NO], decreases monotonously with in-
crease of x. Comparing Tc between [O], and
[NOJ, at fixed composition of x, Tc of [O]
is higher than that of [NO],.

3.5Co Emission Mossbauer Effect

Figures 4(a), (b), and (c) show 'Co
emission Mgssbauer spectra of [O],,
[NOJ;, and [N],, respectively.

The spectra for [O], and [NO] can be
analyzed to consist of four sets of quadru-
pole doublets (D-1, D-2, D-3, and D-4). The
Mossbauer parameters of these subspectra
are almost the same as those for [O]; and
[NOJ; of the Fe-doped YBa,Cu;0, (see Ta-
ble I). The spectrum for [N], is also analyzed
into four components, i.e., three sets of
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F1G. 2. Lattice parameters vs x curves for YBay(Cu, _,Co,);0,: (a) [O];, (b) [N];, and (c) [NOJ;.

quadrupole doublets (D-5, D-6, and D-7) and
one magnetically splitted sextet (S-1). The
Mossbauer parameters and relative intensi-
ties of each component are summarized in
Table I, together with those of YBa,(Cuy g,
Feg4,);0, in the previous study. There are
some differences about the values of Moss-
bauer parameters for [N], between the Co-
and Fe-doped YBa,Cu,0,. The asymmetry
in peak intensities indicates that there is
some degree of orientation in microcrystal-
lites, since the measurement was done on
pellet-formed samples. In the spectra for
[O], the D-1 component is a main one, while
in the spectra for [NO]J, the D-2 and D-3
components grow.

Discussion

We previously examined the effect of the
thermal treatments on the crystal structure
and superconducting properties of YBa,
(Cu,_,Co0,);0, (6-8). As aresult, it became
clear that its crystal structure and supercon-
ducting properties are closely related to the
microscopic arrangement of the substituent
in the crystal, for example, the distribution
of the substituent between the Cul and Cu2
sites, intra-plane location of the substituent,
and the local oxygen ordering.

Many studies have been done to solve
the problem of which site (Cul or Cu2) in
YBa,(Cu, _,Co,);0, is occupied by the sub-
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F1G. 3. Cobalt concentration dependence of the su-
perconducting transition temperature Tc for (a) [O];
and (b) [NO],. The closed circles show the midpoint
of the transition, and the top and bottom of the bars
correspond to the temperature with 90 and 10% values
of the normal state resistivity.

stituted Co atoms. From the orthorhombic-
to-tetragonal phase transition caused by the
substitution of Co atoms, it was expected
that Co atoms are mainly substituted for
Cu in the Cul sites, since this transition is
considered to be induced by oxygen disor-
dering in the Cul-O plane, which is intro-
duced by extra oxygen atoms around the
substituted atoms in the Cul site (5). Infact,
the neutron diffraction and EXAFS mea-
surements have revealed that Co atoms are
mainly located in the Cul site (9-12). Here,
we discuss the distribution of Co atoms on
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the basis of the analysis of the ¥’Co emission
Mossbauer spectra for YBa,(Cu, _,Co,);0, .

In the previous study about the 'Fe
absorption Mossbauer measurement of
YBa,(Cu,_,Fe );0,, we ascribed the mag-
netically splitted sextet in the reduced sam-
ple [N]; to the Fe located in the Cu2 site,
since the Cu atom in the Cu2 site of the
oxygen-deficient YBa,Cu,O¢ shows an anti-
ferromagnetic long range order with Ty of
about 400 K, which has been established
from the neutron diffraction and NMR stud-
ies (13, 14). Sedykh et al. observed that this
magnetic sextet was converted to a para-
magnetic doublet which was identical to the
D-3 component in the oxidized sample
above 420 K (15). It is reasonable that the
magnetically splitted sextet in the spectrum
for [N}, and the D-3 component in the spec-
tra for [O], and [NO]; in the Co-substituted
system are also ascribed to the Co atoms
located in the Cu2 site. The other compo-
nents (D-1, D-2, D-4, D-5, D-6, and D-7)
are attributed to the Co atoms with various
oxygen coordinations in the Cul site.

From the above analysis, it is apparent
that about 97% of the total Co atoms in the
crystal of [O], are located in the Cul site,
which is consistent with the result of the
neutron diffraction and EXAFS measure-
ments that Co atoms in YBay(Cu, _,Co,);0,
are mainly located in the Cul site (9-12).
The proportion of the Co atom located in
the Cu2 site grows in [N], and [NO],. As
shown in Table I, this behavior was also
observed in the Fe-substituted system.
Comparing with the Fe-substituted system,
it can be said that both Co and Fe tend
to occupy the Cul site but the tendency is
stronger in Co.

Next we discuss the oxygen coordination
around the Co atoms in the Cul site. Nasu
and co-workers prepared a powder speci-
men of YBa,(Cu, _,Fe,);0, fixed in glue un-
der an external magnetic field of 1.8 T to
have a strong texture along the c-axis and
measured the dependence of the asymmetry
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Fi1G. 4. YCo emission Mdssbauer spectra of 'Co-
doped YBa,(Cuy ¢C0y 0410, at room temperature: (a)
[O];, (b) [NOJ;, and (c) [N];. The velocity scale is
relative to bee Fe at room temperature and converted
its sign for the absorption experiment.

of the YFe absorption Mdssbauer spectrum
on the angle between the gamma-ray direc-
tion and c-axis (/6—/8). From the experi-
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ment, they determined the direction of the
magnetic moment and the sign and principle
axis of the electric field gradient tensor of
each component and proposed that the D-1
component is attributed to the Fe with tetra-
hedral four oxygen coordination, while the
D-2 component to the Fe with octahedral
six oxygen coordination.

According to the same site assignment,

‘ about 68% of the Co atoms in the Cul site

of [O], have tetrahedral coordination and
about 9% have octahedral coordination.
This result is in contrast to the result in the
Fe-substituted system, where about 37% of
the Fe atoms in the Cul site have tetrahedral
coordination and 49% have octahedral coor-
dination. This shows that Co atoms in the
Cul site have a stronger tendency to favor
tetrahedral coordination than do Fe atoms.
In fact, the oxygen content y in [O], esti-
mated from the neutron diffraction is
smaller in YBa,(Cug44C04,06):0, (y = 6.93)
than in YBay(CuygFeg )0, (v = 7.01)
(19). In [NO], the proportion of the Co
atoms with octahedral coordination grows
larger, but, is not so large as that of the Fe
atoms with octahedral coordination in [NOJ
of YBa,(Cu,_,Fe, );0,. The tendency that a
Co atom is apt to have tetrahedral coordina-
tion is also observed in [NOJ,.

Thus, the distribution of the substituents
between two Cu sites (Cul and Cu2) and the

" oxygen coordination around the substitu-

ents in the Cul site are affected by the heat
treatments. Such configuration of the sub-
stituents is closely related to the crystal
structure and superconducting properties of
the materials. In previous papers we re-
ported that the orthorhombic phase in
YBa,(Cu, _,Fe, );0, was stabilized by [NO]
over the wide composition range of x (6-8).
We proposed that the clustering of Fe atoms
in the Cul-O planes is prevalent for the
large extension of the orthorhombic region
in [NOJ,. The transition from the ortho-
rhombic to the tetragonal phase accompa-
nied with the substitution by impurity is gen-
erally considered to be caused by extra
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oxygens strongly bound to the substituted
atoms in the Cul sites which favor five or
six oxygen coordination (5). These extra ox-
ygens occupy (3 0 0) site and induce the lo-
cal disordering of oxygen in the Cul-0O
planes. Since the substituted atoms in [O],
are randomly distributed in the Cul-O
planes, the Cul-0 planes are divided into a
number of orthorhombic domains with
smaller size; with increase of the concentra-
tion of the substituent in the Cul-0O plane
the orthorhombic domains become small in
size, and above a critical concentration an
average structure is identified to be tetrago-
nal but not orthorhombic by X-ray diffrac-
tion. Under a reducing atmosphere such as
in flowing N, gas at high temperature the
oxygens in the Cul-0O planes are removed.
In this situation some of the Fe atoms in the
Cul site move to the Cu2 site where the Fe
atoms can have five oxygen coordination
and'the remaining Fe atoms in the Cul-0O
plane may be clustered together, since the
clustered substituents are able to keep five
or six oxygen coordination by sharing oxy-
gen atoms even under much lower total oxy-
gen content than in the case of the isolated
substituent. The reoxidation at low temper-
ature, where the clustered state is frozen,
enlarges the size of the orthorhombic do-
mains, and the materials are again charac-
terized to be as orthorhombic phase.

In the Co-substituted system the ortho-
rhombic region was extended by [NO] up to
x = 0.12. The intensity of both D-3 and D-2
components in the Méssbauer spectrum for
[NO], is stronger than that for [O],. The
increase of the intensity of D-3 component
in [NOJ; is explained to be due to the move-
ment of the Co atoms from the Cul to Cu2
site, and that of the D-2 component, which
is attributed to the Co atoms with octahedral
coordination, can be understood as the re-
sult of the clustering of the Co atoms in the
Cul-0 planes during the reduction at high
temperature.

Some workers also have investigated the
effect of the thermal treatments on the phys-
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FIG. 5. “Co emission Mossbauer spectrum of ’Co-
doped Yba,Cu;04 semiconductor prepared by the heat
treatment [N].

ical properties of Fe-doped YBa,Cu;0, (23,
24). Smith et al. proposed that the Fe~O
cluster formation in the Cul-O plane is pro-
duced by annealing in flowing N, gas at
770°C for 48 hr, though they thought that the
Fe atoms with fivefold oxygen coordination
share the oxygen atoms in the Fe clusters
(24).

In discussing the relation between the dis-
tribution and the oxygen coordination of
the Co atoms, the result of the source
experiment using a 37 MBq 'Co-doped
YBa,Cu,0, is very interesting (/6). Figure
5 shows the Y’Co emission Mdssbauer spec-
trum for [N] of YBa,Cu;0;. The spectrum
consists of three components, i.e., two sets
of quadrupole doublets (D-5 and D-7) and
one magnetically splitted sextet (S-1). It is
noted that the intensity ratio of the magneti-
cally splitted sextet in the spectrum for
YBa,Cu;0, is much higher than that for
YBa,(Cuy 5¢C0y 04):0,. The latter is about
37%, while the former is about 80%. A simi-
lar result was reported by Nath er al. (20,
21). They prepared the “Co-doped YBa,
Cu;0, by reducing in flowing N, gas at 700°C
for 2 hr and observed the magnetically
splitted sextet component whose relative in-
tensity in the spectrum is about 65%. They
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realized that this magnetically splitted sex-
tet is assigned to the Co atoms in the Cul
site with just two oxygen atoms as neighbors
along the ¢ axis. This assignment is different
from ours. Considering that the Co atoms
prefer high oxygen coordination, we can un-
derstand this phenomenon as follows; it is
difficult for the Co atoms in the Cul site in
a 37 MBq *’Co-doped YBa,Cu;0, to make a
cluster because of the extremely low con-
centration of Co atoms, and most of the Co
atoms in the Cul sites move to the Cu2 sites
where the Co atoms can have five oxygen
coordination.

Thus, the results of X-ray diffraction and
Mossbauer measurements definitely indi-
cate that the Co atoms in the Cul-0O plane
in [NOJ; make clusters. On the other hand,
the Tc determined by the electrical resisti-
vity measurement decreases monotonously
with increase of the Co content x in [O], as
well as [NO];, and Tc of [NO];, is lower than
that of [O]; at fixed composition of x. This
result seems to be in contrast to the result
of the Fe-substituted system. In the Fe-sub-
stituted system, Tc*™* of [NOJ;, is about 85
K independent of x (6-8). Our recent study
by means of ac susceptibility shows that the
Meissner effect of [NO], of YBay,(Cujo,
Coy.06);0, begins at about 70 K, which is
much higher than the Tc¢°™* determined by
the electrical resistivity measurement (22).
This suggests the existence of the supercon-
ducting region with higher Tc in [NO],,
though the volume fraction of this region is
very small. These behaviors can be referred
to the clustering of the Co atoms in the
Cul-0 planes in [NO], as well as in the case
of the Fe-substituted system.

There seem to be some differences in the
configuration of the substituents between
the Co- and Fe-substituted systems. As
mentioned above, Fe atoms in the Cul site
have a stronger tendency to have high oxy-
gen coordination than do Co atoms. The
proportion of the substituents with octahe-
dral coordination in the Cul-O plane of
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[NO], is much larger in the Fe-substituted
system than in the Co-substituted system;
about 94% of the Fe atoms located in the
Cul site have octahedral coordination,
while about 45% of the Co atoms do. This
result may indicate that there is a difference
in the morphology of the clustering between
the Co- and Fe-substituted systems; also,
a difference of the volume fraction of the
superconducting region between the Co-
and Fe-substituted systems, especially in
[NOJ),, may be referred to the difference
in the morphology of the clustering in the
Cul-O plane between these two systems.
There is a possibility that the difference in
the configuration of the substituents in the
Cu2-0O plane affects the superconducting
properties of the samples.

In conclusion, the microscopic study of
the substituents is an indispensable key to
solve the above problems, and so we are
now studying by NMR and electron mi-
Croscopy.
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