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An investigation of the Co distribution in Y,_,Ca,Ba,(Cu 9C0q 10)306+,, z=0.00 and 0.05, for
different annealing treatments has been made with *’Co emission Mdssbauer spectroscopy. Samples
prepared by conventional ceramic techniques were first annealed in oxygen at 650 °C for 15 h, 800°C for
1 h, and 400°C for 3 h (treatment [O]); they were next annealed at 700 °C in N, (treatment [N]); they were
finally annealed at 350°C in O, (treatment [NO]). After [O], the Co atoms for z =0.00 were distributed
nearly 50-50 on Cu(1) and Cu(2) sites with evidence for Co-atom clustering in the Cu(1)O, planes; for
z=0.05, over 80% of the Co were on the Cu(l) sites, and, more important, Co-atom clustering was evi-
dent. During treatment [N], Co atoms migrated form Cu(2) sites to the cobalt clusters in the Cu(1)O,
planes. After [NO], the Co-atom clusters remained, with some increase in size in the z =0.00 sample,
and the superconductive onset temperature T, increased from its value after [O], but its superconductive
transition width AT, also increased. A >’Fe*' daughter is observed for Co** in a fivefold-coordinated
Cu(1) site. These observations are discussed in comparison with results of similar experiments by others.

I. INTRODUCTION

The effect of partial substitution of a metal M for Cu in
YBaz(Cul_xMx )O6+y (M=Cr, Mn, FC, CO, Nl, Zn, Al,
Ga) on the bulk crystal structure, local microstructure,
oxygen order-disorder transitions, and the superconduc-
tor critical temperature T, have been extensively stud-
ied,'™* and a variety of results have been reported (see
Ref. 5 for a comprehensive review). It has become ap-
parent that subtle differences in synthetic procedures and
subsequent heat treatments of the samples influence both
the M-site selectivity and M-atom clustering, which are
correlated with the oxygen content and ordering in the
Cu(1)O, planes of the structure. The local microstruc-
ture influences, in turn, the macrostructure and such su-
perconductive properties as T, flux pinning, and the crit-
ical current density J,.

The dopants M=Fe, Co preferentially occupy the
Cu(1) chain site and stabilize the insertion of oxygen to
concentrations in excess of y =1, which results in macro-
scopic tetragonal structures for dopant concentrations
x %0.03 and a trapping out of holes from the supercon-
ductive Cu(2)O, sheets at Cu(l) atoms coordinated by
more than four oxygen atoms.® A relatively smooth de-
crease of T, with increasing x suggests that the effects of
local oxygen disorder with consequent hole trapping at
Cu(l) sites depress T, in a way to obscure any influence
due to breaking of the superconductive pairs by magnetic
M atoms on Cu(2) sites.

In the case of M=Fe, orthorhombic
YBa,(Cu,;_,Fe,)Oq,, (0.035x <0.15) materials with
greater Fe occupancy at the Cu(2) sites can be syn-
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thesized by subjecting the samples to reducing conditions
(N, atm) at 800-850°C followed by a low-temperature
oxygen anneal.”® These materials have a higher T, than
similarly doped samples prepared under only oxidizing
conditions; they also show relatively ordered twinned mi-
crostructures’ and an increased critical current density J,
relative to the conventionally prepared materials.'”
These observations suggest that, by a suitable manipula-
tion of the preparative procedures, it is possible to segre-
gate the dopant into Fe-rich regions having a flux-
pinning potential. We have also found that partial Ca™"
substitution for Y** increases the relative Fe occupancy
of the Cu(2) sites in Y,_,Ca,(Cu,_,Fe,);04,."" These
more highly doped materials, unlike the z =0.00 samples
prepared subject to the same reducing conditions, tend to
have a much lower T, relative to undoped (x =0.00)
samples, which suggests that beyond a critical Fe occu-
pancy of the Cu(2) sites, the superconductive properties
of the Cu(2) planes are severely degraded as anticipated
for pair breaking by ions with localized paramagnetic
moments. The possibility of iron clusters trapping out
normal-state regions without modifying significantly the
superconductive properties of the iron-poor regions—
whereas a random substitution of magnetic iron atoms at
Cu(2) sites suppresses T, sharply—has implications not
only for the processing of practical materials, but also for
any mechanistic model of the superconductive
phenomenon.

For M=Co, evidence for preferential substitution of
Co on the Cu(l) chain sites comes from neutron
diffraction,* differential anomalous scattering,l2 and x-
ray-absorption near-edge spectroscopy'’ in  bulk
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YBa,(Cu,_,Co, )30, ,; however the extent of substitu-
tion on Cu(l) sites appears to vary sensitively with x and
the preparation conditions as for M=Fe. For example,
3’Co Mdssbauer spectroscopy on YBa,Cu;04, , doped
with >’Co at the parts per million level placed the majori-
ty of the dopant in the Cu(1) chain sites in the fully oxy-
genated system;'* however, with such light doping the co-
balt migrates to either a Cu(2) or an interstitial site dur-
ing an 800°C N, anneal.!* Recently, Renevier et al.'®
have obtained an orthorhombic modification of
YBa,(Cuy ¢4C0 06)306+, (Which is normally tetragonal
for x 20.03) with an 800°C N, anneal followed by a
low-temperature O, anneal. The superconductive onset
temperature 7,~65 K remained the same as that of the
tetragonal starting phase; however, the midpoint of the
transition was shifted approximately 10 K lower in the
orthorhombic material. Although Renevier et al.!® con-
cluded from TEM and STEM data that the changes in
macroscopic structure and the width of the superconduc-
tive transition produced by their more complex annealing
schedule were a consequence of oxygen reordering rather
than Co redistribution between Cu(1l) and Cu(2) sites, the
influence on T, of the cobalt distribution in
YBa,(Cu, _,Co, )30, was not clearly resolved in their
study.

We have used an annealing schedule on
YBa,(Cug ¢oC0y 10)306+, similar to that of Renevier
et al.;'® however, with x =0.10 our samples remain
tetragonal even after an 800°C N, anneal followed by a
350°C O, anneal. In this paper we report data of >’Co
emission MoOssbauer spectroscopy that show, in tetrago-
nal YBa,(Cu ¢yC0y 19)306+,, 2 Co migration—during a
700°C N, anneal—from Cu(2) to Cu(l) sites that is not
reversed on reoxidation of the sample at 350°C. The
reoxidized samples, which have a lower Co concentration
on the Cu(2) sites, have a higher T,. A larger y on reoxi-
dation than before reduction indicates that the Co on
Cu(l) sites may accept a larger oxygen coordination than
those on Cu(2) sites, and Mossbauer spectroscopy pro-
vides a direct demonstration that this is indeed the case.

We have demonstrated previously!” that the equilibri-
um oxidation state of the Cu-O array remains constant
on substitution of Ca?™ for Y3 in Y, ,Ca,Ba,Cu;0¢. ,,
which means that the oxygen concentration decreases as
y=1(0.95-0.52)£0.01 for samples annealed in 1 atm O,.
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We report here 3’Co-emission Mdssbauer spectroscopy
on Y 95Cag osBay(Cug 9C0g 19)306+, doped with 3TCo,
which shows a greater Co occupation of the Cu(l) sites
than is found in the samples containing no Ca’* ions.
Moreover, the Ca-doped materials have a higher T, than
those without Ca.

Finally, we report the observation of a
state in a fivefold-coordinated Cu(1) site.

STFe** daughter

II. EXPERIMENTAL

Y, ,Ca,Bay(Cug 9C0g 10)306+, (z=0.00 and 0.05)
pellets for >’Co doping were prepared by solid-state reac-
tion. Stoichiometric amounts of dried Y,0;, CaCO;,
BaCO;, CO;0,, and CuO were mixed in a mortar and
pestle and fired at 800°C for 12 h. The resulting powders
were reground, pressed into pellets, and annealed at
925°C in air for 92 h with three intermediate grindings
and pressings. The phase purity of these materials (prior
to >’Co doping) was checked by x-ray powder diffraction
using Cu K «a radiation. All samples could be indexed to
the YBa,Cu3O¢,, unit cell. No impurity phases were
detected by x-ray diffraction.

The carrier-free ’Co acidic solution was neutralized
before doping the samples. Approximately 2 mCi were
added to each of two pellets of both samples. The pellets
were allowed to air-dry at room temperature; pellets of
identical composition were then placed on top of one
another with the >’Co-doped sides facing each other. Un-
doped Y, _,Ca,Bay(Cug ¢oCoyg 19)30¢, samples for x-ray
diffraction, iodometric titration, and magnetic-
susceptibility measurements were treated simultaneously.
For the initial diffusion the following protocol, referred
to as [O], was used. The pellets were placed in a furnace
at room temperature and the temperature was slowly
raised to 650°C under flowing oxygen. The pellets were
annealed under these conditions for 15 h and then at
800 °C in flowing oxygen for 1 h. The pellets were finally
slow cooled to 400 °C, annealed at this temperature under
flowing oxygen for 3 h, and quenched. The samples were
subsequently treated by two different techniques. First,
the pellets were annealed at 700°C for 9 h and slow
cooled to room temperature in flowing N, (referred to as
[N]). This treatment was then followed by annealing at
350°C for 4 h with slow cooling to room temperature in

TABLE 1. Lattice parameters, oxygen stoichiometry (6+y), superconducting transition onset tem-
perature (7) and 10-90% transition width (AT,) of Y,_,Ca,Ba,(Cuy 4yC0q 10)306+, prepared by

different synthetic methods.

z Synthesis® 6+y a (A) ¢ (A) T, (K) AT, (K)
0.00 [0] 7.10 3.871(5) 11.66(1) 22 7
[N] 6.66 3.869(5) 11.75(1)
[NO] 7.16 3.873(5) 11.67(1) 37 20
0.05 [0] 7.03 3.870(5) 11.68(1) 35 9
[N] 6.62 3.866(5) 11.76(1)
[NO] 7.15 3.870(5) 11.67(1) 44 14

2See text for details of synthesis methods.
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FIG. 1. Field-cooled magnetization M vs temperature in an
applied field H=10 Oe for Y,_,Ca,Ba,(Cug 9C0q 10):06+,
(z=0.00,0.05) prepared by methods [O] and [NO]. See text for
details of synthesis.

flowing O, (referred to as [NO]). The undoped

Y,;-.Ca,Ba,(Cuy 9gCoq 19)30¢+, samples were character-
ized after each treatment by x-ray diffraction. Oxygen
contents as a function of annealing protocol were deter-
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FIG. 2. Room-temperature *’Co emission Mossbauer spectra
of YBay(Cuy.90C0y,.10)306.+ 5 (*’Co) prepared by methods [O],
[N], and [NO]. See text for details of synthesis. The velocity
scale has been reversed to coincide with that of an absorption
experiment.
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stoichiometry (6+y) has an error limit of +0.02.
Magnetic-susceptibility data of the samples prepared by
methods [O] and [NO] were obtained on a SQUID mag-
netometer operating in an applied field of 10 Oe. Room-
temperature >’Co-emission Mdssbauer spectroscopy with
a K, Fe(CN)g-3H,0 absorber of the >’Co-doped samples
was performed after each thermal treatment [O], [N], and
[NO].

III. RESULTS

X-ray diffraction showed that all materials obtained
after the three annealing procedures ([O], [N], [NO])
were single phase; the powder patterns could be indexed
to the YBa,Cu;0q, , tetragonal unit cell. The lattice pa-
rameters are given in Table I. The lattice parameters of
the z=0.00 sample prepared by the [O] treatment are
similar to those reported by Xu et al.!8 for the same level
of Co doping. The lattice parameters of the z=0.05 sam-
ple prepared by the [O] treatment differ little, within ex-
perimental error, from the z=0.00 sample. The [N]
treatment resulted in tetragonal materials with increased
¢ parameter indicative of oxygen loss; however, the [NO]
treatment also produced tetragonal materials contrary to
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FIG. 3. Room-temperature *’Co emission Mdssbauer spectra
of Y,.95Cag gsBay(Cug 90C0g.19)306+, (*’Co) prepared by methods
[O], [N], and [NO]. See text for details of synthesis. The veloci-
ty scale has been reversed to coincide with that of an absorbtion
experiment.
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et al.'® on

obtained on

Renevier
results”®

the results obtained by
YBa,(Cug 94C0y 46)306+, and
YBaz( Cul_xFex )306+y'

Iodometric titration of the samples prepared by proto-
col [O] gave oxygen stoichiometries in excess of y=1.0
(Table I), which is consistent with previous reports on
YBa,(Cu,_,Co, );044,.>* After the 700°C N, anneal,
protocol [N], the oxygen stoichiometry decreased to
y=0.6; but on reoxygenation at 350°C, protocol [NO],
more oxygen is reintroduced than after treatment [O]
with an oxygen concentration reaching y=1.16.

Magnetic-susceptibility data for the [O] and [NO] sam-
ples are shown in Fig. 1; the [N] samples were not super-
conductors. The superconductive onset temperature 7,
and the transition width AT, (10—90 %) are also summa-
rized in Table I. A Ty=22 K for an [O] sample of
z=0.00 is comparable with the literature value.! Partial
substitution of Ca, z=0.05, increases the onset tempera-
ture to T,=~35 K for an [O] preparation. These values
are increased by the additional treatment [NO], but the
width AT, of the transition is also increased. The in-
crease in T, that we observe contrasts with the relative
independence of T, reported by Renevier et al.'® for or-
thorhombic YBa,(Cug ¢4C0g 06)O¢4, after similar treat-
ment. Moreover, we observe a final T, that is higher
than previously reported, and we do so for materials
nominally higher in Co content.

M. G. SMITH et al.
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$7Co-emission Mossbauer spectra for
Y,;_,Ca,Ba,(Cug 4oCoq 10)306+, (z=0.00 and 0.05, re-
spectively) doped with >’Co and given the various anneal-
ing schedules designated by protocols [O], [N], and [NO].
The data extracted by line fitting are summarized in
Table II; they include isomer shifts (A), quadrupole
splittings (AE,), full-width-at-half-maximum line width
(FWHM), and percent-spectral area (%) for the several
subspectra that were identified. The Ag values reported
are relative to a-Fe at room temperature with signs cor-
responding to absorption measurements. No impurity
phases—such as *’Co-doped CoCl,, CoCOs;, or cobalt
oxides— were observed in any of the emission spectra.
Subspectra A4, C, and D have been reported in
numerous places in the literature!>!® (and references
therein) for 3'Co/°’Fe Mossbauer spectroscopy of
YBa,Cu;04, ,; however, subspectra B and E have not, to
our knowledge, been reported previously. On the other
hand, Hechel et al.,® in a study of
YBa,(Cug ;sFeq 55)3064,, report two subspectra with
similar AE, but different A For convenience we
denote Co with m-fold oxygen coordination in a Cu(n)
site (n=1 or 2) as (n)m. With this notation subspectra 4
and D have been associated!>!° with (1)4 square-coplanar
and (1)5 square-pyramidal environments, respectively,
and subspectrum C with the (2)5 square-pyramidal site.
The new subspectra B and E have a negative Ag like
those of A and D consistent with >’Co substitution on a

Figures 2 and 3 show the room-temperature
TABLE II. Isomer shifts (Ars), quadrupole splittings (AEy ), full-width-at-half-maximum line widths
(FWHM) and percent spectral area (%) of subspectra observed in room-temperature *’Co Mdssbauer
emission spectra of Y,_,Ca,Ba,(Cu 49C0q 10):06+, (*'Co) samples prepared by different synthetic
methods.
A AE, FWHM
z Synthesis® Subspectra (mm/s) (mm/s) (mm/s) %
0.00 [0] A —0.02(1) 1.95(8) 0.55(3) 8
B 0.01(1) 0.58(2) 0.57(2) 38
C 0.21(1) 0.39(8) 0.32(3) 54
[N] B —0.03(1) 0.52(2) 0.58(5) 42
C 0.19(1) 0.42(6) 0.31(4) 34
D —0.18(1) 1.48(7) 0.81(2) 24
[NO] B 0.02(1) 0.51(1) 0.58(5) 51
C 0.20(1) 0.41(1) 0.27(1) 26
D —0.20(1) 1.42(7) 0.79(2) 23
0.05 [0] B —0.09(1) 0.79(4) 0.30(2) 17
C 0.14(1) 0.55(1) 0.24(1) 17
D —0.18(1) 1.51(6) 0.68(2) 28
E —0.11(1) 0.30(2) 0.34(1) 38
[N] B —0.10(1) 0.77(3) 0.29(1) 16
C 0.13(1) 0.52(2) 0.20(1) 9
D —0.21(1) 1.36(5) 0.73(1) 42
E —0.10(1) 0.27(2) 0.33(1) 33
[NO] B —0.10(1) 0.76(3) 0.30(2) 17
C 0.13(1) 0.52(1) 0.20(1) 9
D —0.21(1) 1.37(4) 0.70(1) 41
E —0.11(1) 0.27(2) 0.33(1) 33

See text for details of synthesis methods.
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Cu(1) site. Furthermore, the small quadrupole splittings
indicate a relatively symmetric environment. Therefore,
we assign subspectra B and E to an octahedral (1)6 envi-
ronment. Subspectrum E only appears in the Ca-doped
(z=0.05) samples and has a much smaller quadrupole
splitting than even that of subspectrum B (AE,;=0.27
mm/s versus AE; =0.5-0.8 mm/s).

The FWHM of each of the spectra reported in Table II
remain relatively independent of protocol [O], [N], and
[NO]; however, they differ from one subspectrum to
another and with the introduction of Ca.

The most important result from the >’Co-MJssbauer
spectroscopy data is the demonstration that Co migrates
from the Cu(2) site of the superconductive CuO, sheets to
the Cu(1) sites in the Cu(1)O,, planes during the reduction
step of protocol [N]. Moreover, in the z=0.00 sample, a
further migration occurs during the following oxidation
step [NO]. In addition, the percentage of Co in (1)5 and
(1)6 environments is seen to be increased by protocols [N]
and [NO]. These trends are correlated with an increase
in Ty and AT, after the final [NO] treatment, Table I.

IV. DISCUSSION

A. The variable oxygen in undoped samples

We represent the YBa,Cu;O¢,, structure in terms of
successive (001) planes on traversing the c axis:

—Ba0|Cu0,-Y-Cu0,|Ba0O-Cu0, -BaO|CuO,— ,

where the vertical lines represent interfaces between su-
perconductive CuO,-Y-CuO, layers of fixed oxygen con-
tent and nonsuperconductive BaO-CuO,-BaO layers of
variable oxygen content. The Cu(2) sites of the supercon-
ductive CuO, planes have square-pyramidal coordina-
tion; they remain relatively unperturbed by changes in
the oxygen concentration of the Cu(1)O, planes within
the nonsuperconductive layers. The substitution of Ca
for Y to give Y,_,Ca, planes within the superconductive
layers does not change this situation; however, the small-
er positive charge on a Ca’* ion tends to stabilize the re-
tention of mobile holes on the fivefold-coordinated Cu(2)
atoms against trapping by fivefold-coordinated copper in
Cu(1) sites.?!

Oxygen is reversibly inserted (extracted) into (from) the
CuO, sheets of undoped YBa,Cu;04 y.22‘23 With the an-
nealing protocols [O], [N], and [NO], the value of y
changes from 0.95+0.01 after [O] to <O0.1 after [N] and
back to 0.951+0.01 after [NO]. Moreover, ordering of the
oxygen in the Cu(1)O, planes for y 2 0.45 transforms the
crystal symmetry from tetragonal to orthorhombic.
There are two possible oxygen sites per Cu(l) in the
plane, which makes 0 <y <2 geometrically possible. At
»y =0.95, the oxygen atoms order on sites aligned along a
unique axis; the structure is distorted form tetragonal to
orthorhombic with the oxygen on the orthorhombic b-
axis sites.”* At y =0.5, the oxygen atoms order on every
other chain of b-axis sites.”” Oxidation of the CuO,
sheets to induce superconductivity occurs on oxygen or-
dering in the interval y>0.45; the interval
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0.27 <y <0.45 is marked by a transition from the tetrag-
onal, antiferromagnetic semiconductive phase occurring
in the interval 0.00 Sy <0.27 to the orthorhombic, su-
perconductive phase found for 0.45<y <0.95.2* Order-
ing of the oxygen on b-axis sites of alternate chains at
»=0.5 yields Cut at half the Cu(l) sites (those with only
twofold oxygen coordination) and Cu?* at the other half
of the Cu(l) site (those with square-coplanar coordina-
tion); sufficient oxidizing power remains to oxidize the su-
perconductive sheets up to 0.25 holes per Cu(2) atoms in
fivefold oxygen coordination.?® This level of oxidation of
the CuO, sheets gives a superconductive critical tempera-
ture of T,~60 K. Full oxidation to y=0.95 gives a
T,.=90 K, which appears to be close to the saturation
value for this structure.

Low-temperature preparation yielded a tetragonal
sample with y=0.7 that was a semiconductor; all of the
mobile holes of the CuO, sheets were trapped out at the
Cu(1) sites neighboring a-axis oxygen. Removal of the a-
axis oxygen required an 800 °C N, anneal; only after such
an anneal did reoxidation result in an orthorhombic su-
perconductor.?’

Experiments on the system
Y, ,Ca,Ba, ,La,CujO¢,, have shown, for z=0.00,
that an 7> 0 can stabilize a y > 1 and that each oxygen
that occupies an a-axis site not only reduces the ortho-
rhombic distortion, but also traps out two holes from the
CuO, sheets to the Cu(1)O, planes, thus lowering T,
(Ref. 28)—which appears to vary with the hole concen-
tration in the CuO, sheets.” In the absence of Ca’” in
the Y,_,Ca, planes, any fivefold-coordinated Cu(l)
copper competes successfully with the Cu(2) copper for
oxidation beyond Cu2+; however, the introduction of
Ca’" modulates this competition.?! With or without Ca,
macroscopically tetragonal phases containing a-site oxy-
gen are obtained that retain superconductivity, but with a
reduced T, for compositions with y > 1.0. It is this gen-
eral situation that is modified by the substitution of M
atoms for copper in this structure.

B. Cobalt valence and spin state

In oxides, cobalt is found as high-spin Co?** or Co**
and as low-spin Co™ or Co'V. In the presence of Cu?*
we should normally anticipate Co*t or Co’; and a low-
spin Co'™' may be stabilized in sixfold oxygen coordina-
tion, but not in fivefold oxygen coordination. An inter-
mediate spin state is probable on trivalent cobalt in
square-coplanar coordination. In the presence of Cu''l, a
low-spin Co'¥ may be stabilized in sixfold oxygen coordi-
nation. With this background knowledge of cobalt in ox-
ides, we are in a position to interpret our results given the
assumption  that—as in the parent oxides
Y, ,Ca,Ba,Cu;0¢,,—among the oxygen atoms only
those of the Cu(1)O, planes are variable in position and
concentration at room temperature in an annealed sam-
ple. Of course, the c-axis positions of the apical oxygen
bridging the Cu(1) and Cu(2) positions are also variable;*
but we assume these positions do not drive the properties
observed, they respond to them.

The spread of reported magnetic moments for cobalt
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and the deviations in Curie-Weiss behavior found for
YBa,(Cu,_,Co,);0¢,, indicate that the susceptibility
data above T, is very sensitive to cobalt distribution and
oxygen coordination as well as to possible low-spin to
high-spin transitions on trivalent cobalt. Reported
effective magnetic moments of 3.4 to 3.8uy per cobalt
atom>* are intermediate between low-spin (Oug) and
high-spin (~4.8ujp) values for trivalent cobalt. Our
57Co Méssbauer data show that the site occupancy and
the oxygen coordination at a Cu(l) site can be modified
by different heat treatments, so the observed variations in
Mg per cobalt ion in YBa,(Cu,_ ,Co,);04,, are not
surprising, especially in view of difficulties associated
with subtraction of the copper-ion contribution.

C. Superconductive pair breaking by Co*t

The Ajg and magnetic hyperfine field (H ) of subspec-
trum C (Ref. 31) correspond to a high-spin Fe’ " daughter
and have been assigned to a high-spin Co®" at a Cu(2)
site. A high-spin Co>" ion at a Cu(2) site can be expected
to suppress superconductivity via breaking of the super-
conductive pairs. In Tables I and II we report data that
show an increase in T, in tetragonal
YBa,y(Cug 4oCoyp 19)30¢+, upon Co migration—from the
distribution after treatment [O] to that after [NO]—from
Cu(2) to Cu(l) sites. Although it can be argued that the
appearance of fivefold-coordinated Co at the surface of
the Co clusters after treatment [NO]—subspectrum D —
is removing fivefold-coordinated Cu(l) at which mobile
holes are trapped, these results would seem to provide
unambiguous evidence for the suppression of 7, by Co**
ions on Cu(2) sites. The increase in the superconductive
transition width AT, (Table I) of samples treated by
method [NO] relative to those treated by method
[O] is indicative of an increased inhomogeneity of
the Co distribution on the Cu(2) sites. We note that the
increase in T, with Ca  substitution in
Y .95Cag.0sBa,(Cug 99C0g 10)30¢ 1, is opposite to that ob-
served in Y,_,Ca,Bay(Cu,_,Fe, );0q,, ([Ref. 11)
prepared by a treatment similar to our method [O]; how-
ever, in the latter system T, decreases with further in-
creased occupancy of the Cu(2) sites, which is promoted
by a reduction protocol (method [NO]), by high-spin
Fe*™ cations.

D. Observation of a >’Fe** daughter

The isomer shifts of the >’Fe in (1)4 and (1)6 environ-
ments (subspectra A, B, and E) follow the general sys-
tematics®? of intermediate-spin and low-spin Fe!!l, respec-
tively, and thus correspond to an intermediate-spin and
low-spin Co™ parent, as was anticipated for Co in
square-coplanar and sixfold oxygen coordinations. How-
ever, the isomer shift of the ’Fe daughter in the (1)5 en-
vironment (subspectrum D) is not intermediate between
that of (1)4 and (1)6 environments, as might be expected,
but is much less. From isomer shift systematics, this ob-
servation implies that the 3’Fe daughter is in a more posi-
tive valence state in (1)5 than in (1)4 or (1)6 coordination.
Therefore we need to argue how a S7Co** parent can
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yield a >’'Fe**

other site.

Capture of an inner-shell electron by a ’Co™ * nucleus
transforms the 3’Co™ * species into a >’Fe”™ * ion having
an inner-shell hole in its electronic structure. This event
is followed by an electron-vacancy cascade that generates
an Auger-electron cascade, which leaves the probe atom
in an ionized >"Fe!™ """ state. If the ejected Auger elec-
trons are not recaptured within the ca. 107 s before the
emission of a 14.4-keV-y ray, the event monitored in the
present experiment, the probe exhibits the spectrum of a
more positive ionic state. >’'Fe’* and *’Fe’* daughter
ions of >’Co* " -ion probes have been observed in emission
studies of *’CoO (Ref. 33) and the *’Fe** daughter of a
57Co** -ion probe has been observed in the emission spec-
trum of La,Li, sCo, sO,.>* In the present case, the dis-
torted symmetry of the high-spin >’Co*" probe in fivefold
oxygen coordination can drive the highest energy level of
the ’Fe*" daughter above any band in the Cu-O array
provided the shortest Cu-O distances are short enough.
In this situation, the >'Fe*" daughter cannot recapture
an electron to become Fe?t within 1077 s, and an isomer
shift corresponding to high-spin Fe*" is observed. At a
(1)5 site, the highest energy state is a linear combination
of thed ,_,and d, orbitals (x,y,z axes parallel to crys-

tallographic a,b,c axes), and the Cu(1)-O(4) bond length
along the c axis is particularly short. The highest energy
state at a (2)5 site is the dxz_yz orbital, which is associat-

ed with a somewhat longer mean Cu-O bond length. It
would appear that the difference in mean Cu-O bond
length and also the Madelung energy discriminates be-
tween (1)5 and (2)5 sites; the (2)5 Co>" yields a high-spin
STFe*t daughter. The observation of an intermediate-
spin Fe’' daughter, instead of a Fe*' daughter for a
57Co** parent, in the unsymmetrical (1)4 site appears to
be due to the lower Madelung potential and covalency of
fourfold coordination. These two factors lower the ener-
gy of the antibonding state of the (1)4 site relative to that
in the (1)5 environment making possible an intermediate-
spin Fe’" daughter.

daughter at a (1)5 site in preference to any

E. Evolution of the Co microstructure
inY,_,Ca, Baz( Cuo, 90C00, 10 )3O6+y

The Mossbauer data show that the microstructural ar-
rangements of Co in YBa,(Cu,_,Co, );O¢, are different
in a microdoped (parts per million level) sample than in
the sample with x =0.10. In the microdoped samples,
the Co are randomly distributed; in the x =0. 10 samples
there is evidence of Co clustering.

Subspectra A4, C, and D are predominantly observed in
the fully oxygenated microdoped YBa,Cu;O¢ y(57Co)
samples.’ These spectra correspond, respectively, to (1)4
square-coplanar and (2)5, (1)5 square-pyramidal environ-
ments. The Co®" ions are more stable in fivefold than in
fourfold coordination, and it appears that even the micro-
doped samples trap some oxygen in a-site positions to ac-
commodate Co®* ions in Cu(l) sites in a higher oxygen
coordination. However, it should be noted that an a-site
oxygen that bridges a (1)5 cobalt on one side and a Cu(1)
atom on the other creates a fivefold-coordinated Cu(1)
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that can compete for a hole in the CuO, sheets, thereby
lowering T,.. It is therefore difficult with microdoped
samples to distinguish the influence on T, of hole trap-
ping in the Cu(1)O, planes from any pair breaking by Co
in Cu(2) sites.

On the other hand, in YBa,(Cug 9oC0y 19);06+, (*’Co)
treated by method [O], we observe Co in (1)6 as well as
(1)4 and (2)5 environments. The relatively few Co in a
(1)4 environment are probably isolated as in the micro-
doped case; the appearance of (1)6 in place of (1)5 Co im-
plies the introduction of Co clustering in which excess
oxygen on g-axis sites bridge two (1)5 Co to create two
(1)6 cobalt instead. A schematic representation of a pos-
sible cluster is shown in Fig. 4(a).

Treatment by protocol [O] of
Yo.95C2g, 95Ba,(Cug 990C0q 10)306 +, gives a smaller oxygen
concentration y than in the case z =0.00. Nevertheless it
appears to eliminate Co from the (1)4 configuration—
subspectrum A is missing—and to reduce the (2)5
population—subspectrum C; the increased concentration
of cobalt on Cu(l) sites apparently resides in larger Co
clusters containing two (1)6 configurations—subspectra
B and E —as well as some (1)5 configurations. The new
(1)6 subspectrum E has a smaller quadrupole splitting
(~0.30 mm/s) than that of subspectrum B (~0.55
mm/s), which implies a more symmetric (1)6 environ-
ment. The appearance of the (1)5 subspectrum D indi-
cates that the morphology of at least some of the clusters
has changed from one containing only (1)6 cobalt—as in
Fig. 4(a)—to one containing (1)5 cobalt at the surface of
a cluster. This situation is illustrated in Fig. 4(b). The
(1)6 cobalt in the center of the cluster of Fig. 4(b) has a
more symmetric environment than the (1)6 cobalt in the
cluster of Fig. 4(a). This change in morphology, which is
accompanied by a stripping of ag-axis oxygen away from
the cobalt at the surface of a cluster, is compatible with
the constraint!” of a smaller value of y in the Ca-
substituted samples.

The observation

that reduction via a nitrogen

(a) (b)

FIG. 4. Schematic representation of Co clusters in the
Cu(1)O, sheets of Y,-.Ca,Ba,(Cug 49Coq 19);06+, for (a)
z=0.00 and (b) z=0.05. The solid circles, open circles, and
solid squares represent the copper, oxygen, and cobalt ions, re-
spectively. The figure is one example of many possible Co mor-
phologies. Note the isolated (1)4 environment in (a), the quali-
tatively different (1)6 environments in (b), and the fivefold-
coordinated copper atoms.
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anneal—treatment [N]—induces a migration of cobalt
from Cu(2) to Cu(l) sites would seem to be at odds with
the known preference of trivalent cobalt for sixfold oxy-
gen coordination. However, although treatment [N]
reduces the oxygen concentration y, nevertheless the
Moéssbauer data confirm that all the Co atoms have only
fivefold or sixfold coordination after treatment [N]. Re-
tention of a y =0.62-0.66 (Table I) shows that the Co
atoms on Cu(l) sites bind oxygen. Clearly the anneal has
increased the size, if not the number, of Co-atom clusters
in the Cu(1)O, planes. Given the evidence for some Co-
atom clusters after treatment [O] in our samples and the
apparent lack of mobility?’ of a-axis oxygen at T < 800 °C
in disordered YBa,Cu;Og -, the stability of the Co-atom
clusters in a 700°C N, anneal is not surprising; however,
the observation of a growth of these clusters by transfer
of Co from Cu(2) to Cu(1) sites is noteworthy.

The involvement of the c-axis oxygen O(4) in the inser-
tion (extraction) of oxygen into (from) the Cu(1)O, planes
has been confirmed by oxygen isotope exchange.%’ More
direct confirmation comes from neutron diffraction®’ on
disordered YBa,Cu;0 ; samples?’ that show the pres-
ence of a considerable concentration of O(4) vacancies.
Removal of an apical O(4) from a Co®* ion at a Cu(2) site
would place the Co’" ion in an unfavorable square-
coplanar coordination; exchange with a Cu(1) at the sur-
face of a Co-atom cluster would place the Co in a more
favorable oxygen coordination. For z =0.00, reduction
seems to add a cobalt to the surface of a cluster of the
type shown in Fig. 4(a) so as to create (1)5 species; in the
z=0.05 sample, reduction also increases the percentage
of (1)5 species and decreases only slightly the concentra-
tion of (1)6 cobalt atoms in the more symmetric environ-
ments. The fairly broad linewidth of subspectrum D
(FWHM = 0.80 mm/s) is indicative of the multiple
near-neighbor environments possible for a (1) site.

Subsequent oxidation, treatment [NO], further de-
creases the percentage of Co on Cu(2) sites in the z =0.00
sample; it does not change the small percentage occupan-
cy in the z =0.05 sample. A modest increase in the (1)6
percentage in the z=0.00 sample contrasts with little
change in the z =0.05 sample; these data indicate not
only a further growth of cluster size with cobalt transfer
from Cu(2) to Cu(l) sites, but also that the majority of ox-
ygen reintroduced in the last step contribute primarily to
a reoxidation of copper without any significant increase
in the mean oxygen coordination at a cobalt atom. The
final oxygen contents of both materials (z =0.00,0.05)
are nearly identical (y=1.15) even though the initial
stoichiometries (see Table I) and final Co-cluster morpho-
logies are different. This result is probably fortuitous;
however, the larger increase in T, for the z =0.00 sample
despite a smaller increase in y on going from [O] to [NO]
would seem to reflect the greater decrease in Co concen-
tration on Cu(2) sites. This observation is consistent with
a more important suppression of T, by Co on the Cu(2)
sites than by Co on the Cu(1) sites.

The evolution of the bulk microstructure in
Y, .Ca,Bay(Cuy 9oC0y, 10)306 + (°’Co) with preparation
conditions [O], [N], and [NO] is quite different
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from that reported by Nath et al.'> for microdoped
YBa,Cu;04,, (*’Co). No evidence for Co clustering was
found for the latter system; the dominant species ob-
served in oxygenated (y =0.87) and depleted (y =0.00)
samples were (1)4—subspectrum 4 —and an interstitial
site denoted as M’ with room-temperature parameters
A=0.3 mm/s and AE;=0.56 mm/s. We do not ob-
serve subspectrum M’; Nath et al.!* have indicated that
this site forms under fast cooling (*20°C/min) from
high temperatures (~950°C). Our cooling rate was
much slower (~5°C/min) from a lower temperature
(700°C); these are more favorable conditions for cluster
formation—especially with a higher cobalt concentra-
tion. Renevier et al.,'® in their study of nominal
YBa,(Cug 94C0g ¢6)306+ ,» did not specify the cooling rate
from their N, anneals. However, their observation of
orthorhombic—versus tetragonal—symmetry, a similar
T,.~65 K before and after an [NO] treatment and a tran-
sition midpoint ~ 10 K lower after treatment [NO] are
all consistent with little Co clustering, smaller Co concen-
trations on the Cu(2) sites, and fewer fivefold-coordinated
sites.

We note that the z=0.00 sample under preparation
[O] has a higher Co occupancy of the Cu(2) site than pre-
viously reported'?>!3 for bulk Co-doped samples. This
unusual phenomenology may be a result of our prepara-
tion technique or may represent a nonequilibrium condi-
tion. However, this observation does not detract from
the trend of increasing Co occupancy of the Cu(l) site
and further cluster formation in bulk samples under re-
ducing conditions evident in our experiments. Further
experiments involving different amounts of cobalt doping
(x) and anneal protocols would help clarify the extent, if
any, of nonequilibrium conditions on Co site occupancy
and its effects on superconducting properties in
Y, ,Ca,Ba,(Cu;_,Co, )30 .

F. Comparison of M (M =Fe, Co) site occupancy
in YBaz( Cu1 -XMX )3O6+y

In contrast to the YBa,(Cu;_,Co,);0¢,, system re-
ported here, the YBa,(Cu, _,Fe,);0¢, system reported
previously?’-® behaved quite differently. Reduction in N,
at 800°C of samples with 0.03=x =0.15 resulted in a
smaller value of y; the Fe atoms apparently did not clus-
ter in the original treatment [O] and the oxygen atoms in
the Cu(1)O, planes, including any a-axis oxygen, were
mobile at 800°C. As a result, Fe atoms were transferred
from Cu(l) to Cu(2) sites in treatment [N] at 800°C, and
the Fe atoms remaining on Cu(l) sites formed clusters of
(1)3 Fe’" sharing either a b-axis or a-axis oxygen in an
oxygen-depleted Cu(1)O, layer. The relative instability
of a (1)3 environment for Fe'" versus Cu’" favors dis-
placement of the Fe’" ions from Cu(l) to Cu(2) sites.
Upon reoxygenation in treatment [NO], orthorhombic
materials with clusters of (1)5 atoms are formed; an in-
crease in T, and a narrower AT, with increased occupan-
cy of the Cu(2) planes appears to be a consequence of the
formation of Fe-rich regions containing Fe clusters and
Fe-poor regions. The former regions appear to be
normal — flux-pinning!°—regions within superconduc-
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tive Fe-poor regions. Such a segregation is compatible
with a metastability of compositions transitional between
localized-electron states with antiferromagnetic order (or
spin fluctuations) and itinerant-electron states capable of
forming Cooper pairs at lowest temperatures.®

V. CONCLUSIONS

Use of ’Co emission Mossbauer spectroscopy as a
microprobe of  the cobalt distribution in
Y, ,Ca,Ba,(Cug 49Cog 19)306+,, z=0.00 and 0.05, has
permitted identification of the variation in Co distribu-
tion on Cu(2) versus Cu(l) sites after three different an-
nealing procedures: [O], [N], and [NO]. The following
observations were made.

(1) Treatment [O] results in the formation of Co-atom
clusters within the Cu(1)O, planes; these clusters are
larger—contain a greater fraction of subspectrum E —
the larger the concentration of Co atoms in the Cu(l)
sites. [Note that 30% of the Cu(l) sites would be occu-
pied by Co were all the Co in the Cu(1)O, planes.]

(2) Removal of some oxygen from the Cu(1)O, planes
either by introducing Ca?" for Y3* (z=0.05) or by
reduction (treatment [N]) results in transfer of Co from
the Cu(2) sheets to the Cu(1)O, planes and increases the
size of the Co-atom clusters.

(3) At temperatures T =800°C, the Co-atom clusters
bind oxygen within the Cu(1)O,, planes, so every Co atom
within a cluster has sixfold oxygen coordination and
those at the surface have fivefold or sixfold oxygen coor-
dination.

(4) A cobalt in sixfold coordination at the surface of a
cluster creates a fivefold-coordinated Cu(l) atom that
may trap a mobile hole from the CuO, sheets. This situa-
tion introduces an ambiguity as to the effectiveness of su-
perconductive pair breaking by Co atoms.

(5) An increase in both the onset temperature T, and
AT, with transfer of Co atoms from Cu(2) to Cu(1) sites
after [NO] is interpreted to indicate that Co®" ions at
Cu(2) sites suppress 7, and that the transfer of Co from
Cu(2) to Cu(l) sites is inhomogeneous.

(6) Observation of a high-spin >’Fe** daughter for
high-spin Co®* at a (1)5 site—but not for high-spin Co®*
at a (2)5 site—is attributed to a short mean Cu-O bond
length for the least stable antibonding orbital in the
fivefold-coordinated site and to a lower symmetry at five-
fold versus sixfold coordination that allows formation of
a shorter mean Cu-O bond length for one orbital.

Finally, we also speculate that the mobility of the c-
axis O(4) oxygen atoms contributes, under reducing con-
ditions, to the migration of Co from the Cu(2) to the
Cu(1) sites.

Note added in proof. Katsuyama et al.>® report on the
effects of an 800°C nitrogen anneal followed by a low-
temperature oxygen anneal on the Co site occupancy,
crystal symmetry, and T, of YBa,(Cu,_,Co,);O0¢+,
(0<x <0.33). They find materials with orthorhombic
symmetry (x <0.12), higher Co occupancy of the Cu(2)
site, lower superconducting transition midpoints, and
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broader transition widths AT,(10-90 %) relative to the
parent materials. These results are consistent with ours
and Renevier et al.'® The broader AT, are consistent
with a larger random distribution of Co on the Cu(2)
sites. Also, we have recently shown that Co clusters form
in the Cu(1)0, plane of *’Co microdoped (ppm)
Y, ,Ca,Ba,Cu;04,, when prepared at lower tempera-
tures.®C These results extend the range of Co clustering
to lightly doped samples. Segregation of Co in
Y,_,Ca,Ba,(Cu,_,Co,);0¢,, to form flux-pinning Co-

atom clusters without serious depression of T, should be
feasible.
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