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The mixed YBaqCu3- Af, 07-„(M Ni, Zu, Fe, Co, aud Al) phases have been characterized
for their structural, magnetic, and superconducting properties. The oxygen content in these
phases is dependent on the nature and the amount of doping, especially for Co and Fe. The ma-

terial remains orthorhombic when Cu is replaced by Ni or Zn ~hereas it evolves to tetragonal
symmetry for the Fe-, Co- and Aldoped compounds when x exceeds 0.05. Evidence for the ma-

jor substitution of Co in the Cu-0 chains only is obtained by means of thermogravimetric
analysis and neutron diffraction measurements. The room-temperature Mossbauer spectra of the
Fe-doped compounds consist of three doublets; their site assignments are proposed. dc resistance
and ac susceptibility have shown that both magnetic and diamagnetic ions destroy T, in a similar
manner. At x 0.2 the Fe and Co compounds are tetragonal, superconduct at 50 K, and show a
Curie-type magnetic behavior associated with a magnetic moment of 3.4pg per doping atom. The
origin of the orthorhombic-tetragonal transition and the importance of the Cu-0 chains for su-

perconductivity is discussed. The behavior of these materials with respect to magnetic impurities
is apparently difkrent from conventional Bardeen-Cooper-Schrieffer-type superconductors, and we

believe that any new mechanism proposed must be mostly sensitive to local structural disorder.

INTRODUCE ION

The oxygen-defect superconducting perovskites of gen-
eral formula MBaqCu307-~ (where M Y and the rare
earths) have revived the field of superconductivity because
they exhibit the highest superconducting transition tem-
peratures (T, 95 K) and the highest onset superconduct-
ing critical fields (340 T, extrapolated to 0 K) ever ob-
served. '

The structure of this material (referred to here as the
90-K material for simplicity) has been determined by
means of singlewrystal x-ray diffraction3 and powder neu-
tron diffraction studies. 4 It is well established that this
phase crystallizes in an orthorhombic unit cell which can
be viewed as a packing along the e axis of Y, CuOq, BaO,
CuO, BaO, Cu02, and Y layers. The oxygen vacancies
are ordered within the Cu-0 median plane resulting in
the existence of Cu-0 chains running along the b axis.
In the following, for reason of clarity, the copper and oxy-
gen sites belonging to the Cu-0 plane sandwiched be-
tween the Ba planes will be denoted as Cu(l) and 0(l),
respectively, and Cu(2) and 0(2) for the outer planes. It
has been shown'0 '3 that these compounds can easily and
reversibly accommodate oxygen atoms over the range of
composition 0&y (1. For 7-y~6.8 the compound is
an orthorhombic superconductor. As oxygen is removed,
the orthorhombicity is reduced until a tetragonal structure
results. The value of y at which this orthorhombic-
tetragonal (denoted O-T in the following) structural tran-
sition occurs is dependent upon how the oxygen is re-
moved. ' However, the tetragonal structure MBaqCuq-
07 ~ is a semiconductor with oxygen in the central plane
partially occupying sites both in the a and b axis (i.e.,
wlt11out c11allls ).

For conventional superconductors' the presence of
magnetic impurities (which act as pair breakers) destroys
T„but the chemical substitution of yttrium by rare earths
possessing large magnetic moments in YBaqCu3-„M„-
07 ~ has shown no effect on T„most likely due to the
weak interactions (i.e., large distance) between the rare-
earth ions and the superconducting electrons. '0 As band-
structure calculations by Matthiess and Hamman'7 have
shown, the metalhc properties of these materials are
mainly governed by the Cu 3d-0 2p electrons, a simple
way to shorten this distance is to directly place these mag-
netic iona on the copper sites. But we have performed
such a study for the 40 K (La2-,Sr,Cu04-~) material
and found that T, was depressed even faster for the non-
magnetic ion Zn than for the magnetic ion Ni, leading to
the conclusion that these materials have a behavior ap-
parently different than conventional superconductors, 's

and that their superconducting properties are much more
sensitive to local structural disorder than to magnetic in-
teractions.

In this paper we report a complete and detailed investi-
gation of the inffuence of doping on the structural and
physical properties of YBaqCu3- M, 07 „(where M is
Fe, Zn, Ni, Co, and Al). Aluminum is used here for com-
parison to the transition metals because it is a well-defined
trivalent ion. We find both a depression of T, for all
dopants and that the Fe-, Co-, and Al-doped phases be-
come tetragonal with increasing x. Some of these results
were also observed by Maeno er al. ' We show that for
both Fe- and Co-doped materials, the oxygen content (y)
changes as a function of doping content x, whereas no ma-
jor changes are detected in the case of Zn or Ni.

Thermogravimetric analysis, powder x-ray diffraction,
powder neutron diffraction magnetic susceptibility, and
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Mossbauer measurements were used to determine the po-
sition of the doping iona within the unit cell as well as
their oxidation state.

The mixed compounds YBa2Cu3-„M,O7-~ were pre-
pared by thoroughly mixing appropriate amounts of
BaCO3 and corresponding oxide powders, each 99.99%
pure. The mixed powders, placed in alumina crucibles,
were heated to 960'C, maintained at this temperature for
48 h, slowly cooled down to 300'C, and then removed
from the furnance. Grinding and firing were repeated un-
til the complete homogeneity of the resulting materials, as
determined by powder x-ray diff'raction, was ensured. All
the Fe, Co, Ni, and Zn substituted samples reported here,
except for the compositions x 0.02 and 0.05, received ex-
actly the same heat treatment since they were always han-
dled together.

The resulting powders were characterized by x-ray
diff'raction in the Bragg-Brentano geometry with Cu Ka

radiation. The oxygen content in the as-prepared sample
was determined both by thermogravimetric analysis
(TGA) as described elsewhere' and also by the iodo-
metric method. This method (dissolution of the materi-
al in an acidified solution of KI followed by back titration
of the iodine formed) gives the average oxidation state of
the Cu plus the 3d metal. From this and the assumption
that oxygen has a valence of —2, the total oxygen content
is determined. The susceptibility measurements from 4.2
K to room temperature were collected with a supercon-
ducting quantum interference device (SQUID) magne-
tometer. Resistivities were obtained by the standard 4-
probe method in an exchange gas cryostat. Superconduct-
ing transitions were determined both resistively and mag-
netically, the latter with an ac-susceptibility bridge
operating at a frequency of 13 Hz. The Mossbauer spec-
tra were obtained in transition geometry using a standard
constant acceleration spectrometer. The source was Co
in rhodium metal. The absorbers were powder crystalline
materials. Neutron powder dHfraction data were collect-
ed at room temperature on the Special Environment

TABLE I. Crysta1lographic lattice parameters and oxygen content, determined both by TGA and
chemical analysis for the YBasCn3- M,O7-~ series studied (M Fe, Co, Al, Ni, and Zn).

Nondoped

Fe 0,02
0.05
0.1

0.2
0.3
0.4
0.5
0.8

3.8146

3.8193
3.8305
3.8598
3.8637
3.8671
3.8707
3.8739
3.8727

3.8819
3.8836
3.8781
3.8598
3.8637
3.8671
3.8707
3.8739
3.8727

11.6700

11.667
11.666
11.863
11.684
11.681
11.674
11.667
11.647

172.80

173.06
173.31
174.05
174.41
174.68
174.90
175.09
174.68

Titration
(7 —b)

6.85

6.93
6.92
6.92
6.93
6.96
7.00
7.20
7,25

TGA
(7 —b)

6.90

T,(p)
(K)

91.8
91.8
76
49

31
0
0

Co 0.02
0.05
0.1

0.2
0.3
0.4
0.5
0.8
1.0

3.8195
3.8295
3.8608
3.8675
3.8724
3.8765
3.8807
3.8865
3.8867

3.8826
3.8802
3.8608
3.8675
3.8724
3.8765
3.8807
3.8865
3.8867

11.667
11.670
11.687
11.684
11.680
11.674
11.671
11.661
11.625

173.02
173.40
174.20
174.76
174.15
175.43
175.75
176.13
175.61

6.90
6.92
6.82
6.83
6.88
6.95
6.99
7.07
7.20

7.05
7.12
7.09

7.08
7.34

93.4
94.3
73
53
22
0
0
0
0

0.05
0.1

0.2
0.3
{}4

3.8351
3.8601
3.8617
3.8631
3.8630

3.8827
3.8661
3.8617
3.8631
3.8630

11.6822
11.6750
11.6727
11.6719
11.6713

173.95
174.23
174.06
174.18
174.16

6.93
6.93
6.91
6.99
7.00

91
92
85
73
42

0.1

0.2
0.3

3.8289
3.8352
3.8331

3.8864
3.8560
3.8490

11.6372
11.6573
11.6624

173.17
172.39
172.06

6.87
6.82
6.97

Zn 0.1

0.2
0.3

3.8193
3.8199
3.8201

3.8881
3.8895
3.8930

11.6818
11.6804
11.6797

173.47
173.54
173.69

6.81
6.79
6.74
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Powder Diffractometer (SEPD) at the Intense Pulsed
Neutron Source (INPS) of Argonne National Laborato-

A. X-rly po~ler III'raction

The crystal data for all the samples reported on this pa-
per are summarized in Table I. For the Ni-, Zn-, and Al-
doped compounds the range of solid solution is very small
(0~ x ~ 0.3). The range of solubility is much larger for
both Fe (0~ x «0.8) and Co (0~ x ~ 1). Extra weak
Bragg peaks are detected for the Fe samples with x ~ 0.8.
Figure 1 shows the variation of the lattice parameters a, b,
and c for the Fe, Co, Ni, Zn, and Al series. A striking
difference is that the Ni and Zn samples remain ortho-
rhombic throughout their range of existence whereas the
Fe, Co, and Al samples undergo a orthorhombic-tetra-
gonal structural phase transition (i.e., a becomes equal to
b) with increasing doping content. The similarity in the
structural transition in Fe-, Co-, and Al-doped samples
(O-T transition) suggests that Fe and Co, like Al, are
trivalent iona. This 0-T structural transition occurs over
a narrow range of composition as indicated by the sharp
anomaly in the e lattice parameter, which abruptly in-
creases when x reaches 0.05 for Fe and Co, and 0.1 for
Al-doped samples. Beyond these values e decreases con-
tinuously with increasing doping content. In contrast, the
a lattice parameter within the tetragonal range increases
monotonically with increasing either Co or Fe concentra-

tion at low x, and exhibits a broad maximum near x 0.6
and a level off at x 1.0 for the Fe- and Co-doped phases,
respectively. From these data it is tempting to claim that
x 0.6 and x 1.0 are the upper limits of solubility for
the Fe and Co system, but there are two copper sites in the
structure and the preferential filling of one site at low x
could explain such an effect. Similarly, changes in the
electronic conhguration (low spin-high spin) of the dop-
ing metal with increasing concentration may also lead to
similar effects since ion sizes in the high-spin config-
uration are always greater than those in the low-spin
con Sguration.

The unit-cell volume V as a function of doping concen-
tration is shown for each dopant in Fig. 2. V decreases
with Ni doping and increases with Zn doping as expected
from simple ionic radius considerations (as Ni is smaller
than Cu which is smaller than Zn). The important result
is for the Fe-, Co-, and Al-doped series: although Fe3+,
Co +, and Al + are each smaller than Cu + or Cu3+, the
volume surprisingly increases with increasing doping con-
centration. The average valence of copper in the undoped
material, determined by charge counting, is 2.33 (assum-
ing an oxygen content of 7 per formula unit and that oxy-
gen has a —2 charge). During the replacement of copper
by trivalent ions (A13+), the copper ions need to be re-
duced in order to maintain the average charge balance.
But another alternative for the charge compensation is an
increase of the oxygen content. Both the reduction of the
copper valence and an increase in oxygen content will in-
crease the unit-cell volume, as observed.

Finally, Fig. 3 shows what happens to the a and c lattice
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and (h), respectively, as a function of x for the YBaq-
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FIG. 2. The unit-cell volume is reported as a function of x for
the YBa2cu307-„series w'ith M Fe, Co, Al, Zn, and Ni.

parameters for the Co- and Al-doped samples heated un-
der argon up to S50'C at a rate of 10'Clmin (i.e., upon
removal of oxygen). All the orthorhombic and tetragonal
samples become or remain tetragonal. The a lattice pa-
rameter remains constant whereas c and V increase con-
siderably. A similar trend was already observed upon re-
moval of oxygen from the undoped material. The removal
of oxygen reduces the average valence of copper. Thus,
from the smaller valence of Cu one would expect the
unit-cell volume to increase, as we observe. It is interest-
ing to note that the volume increase induced by 1 Co per
formula unit is identical to that generated by the removal
of one oxygen from the undoped material (3 A'). Both
resulting materials are tetragoaaI.
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FIG. 3. Tetragonal unit-ceil parameters (u, c, V) as a func-
tion of x in the Yaa2Cu3-~M~07-„series for the as-prepared
Co and Al samples (open circles and squares, respectively), and
for the same set of samples annealed under argon at SSO'C
(solid circles and squares, respectively).

Y812Cua-wAlw07. y

from the presence of.the dopant (we assumed in the titra-
tion that I reduces Co + to Co +, Fe + to Fe +, and
does not affect Ni2+, Zn +, and A13+). Small amounts
of vacancies on the copper sites would also result in low
values of y determined chemically. The disagreement in
the absolute oxygen values does not affect the following
trends: with increasing substitution, within the accuracy

8. Therllaogravimetric; mealllleellents

The oxygen content for the doped samples was deter-
mined thermogravimetrically and iodometrically. The re-
sults are reported in Table I with the TGA traces shown in
Fig. 4. The values of y determined by chemical analysis,
which assumed a valence of -2 for oxygen, were sys-
tematically low compared to those determined by TGA.
As the titration and the TGA always agree in the case of
undoped samples, we believe that the discrepancy results

50.00
l

250.00 450.00
I

650.00 850.00

FIG. 4. The TGA traces are sho~n as function of x for the
Yaa2Cu3-„Al„07-~ series ashen the sample are heated under
argon up to 850'C at a rate of 10'C/min.
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x=0.1

97.5
100

x lA Y88gCM3 )(IN

97.5- (b)
100

of the experiments, the oxygen content appears constant
at low x, and then increases with increasing Co, Fe, and
Al concentration for x greater than 0.2. For increasing
concentration of Ni and Zn the oxygen content remains
roughly constant and slightly decreases respectively, over
their range of existence, 0» x» 0.3 The value of x at
which the oxygen content starts to increase does not seem
to correlate with the onset of the O-T structural transi-
tion.

One oxygen atom per formula unit can be removed
within the undoped phase by heating in a low partial pre-
sure of oxygen (i.e., argon, vacuum). ' Since this oxygen
is removed only from the Cu-0 chains'9 it is expected to
be independent of substitutions within the Cu(2)-0
planes, but strongly affected by the replacement of copper
by other metals within the Cu(1)-0 chains due to
changes in the strength of the M-0 bonds. Thus TGA
measurements should be a powerful tool to determine
whether the substitution is taking place on Cu(1) or
Cu(2) sites. The aluminum system can be used as a test.
Single-crystal x-ray studies have been done for the Al-
doped samples leading to the result that the Al substitu-
tion is taking place on Cu(1) sites. 2' We performed TGA
measurements on Al-doped samples by heating the sam-
ples under argon up to 850 C at a rate of 10'C/min (Fig.
4). We observed that the amount of oxygen removed
from the compound decreases monotonically with increas-
ing Al concentration. This is a straightforward indication
that the Al ions are going on the chains in agreement with
x-ray data. Figure 5 shows similar type of measurements
for the Ni-, Zn-, Fe-, and Co-doped samples. The amount
of removable oxygen is independent of Ni or Zn concen-

tration. However, a striking result is that it decreases
with increasing Fe or Co concentrations, more strongly for
the latter. The ever increasing diSculty in removing the
oxygen from the Co-doped samples strongly suggests that
Co occupies the Cu(1) sites in these chains. For the Fe-
doped samples the less dramatic change in oxygen remo-
val with increasing concentration suggests that the substi-
tution most likely occurs on both copper sites. The small
changes in the amount of oxygen removed between the
x 0.5 and x 0.8 compounds might indicate that at high
x, the substitution is preferentially taking place on the
Cu(2) sites. The independence of the oxygen removal to
the Ni or Zn concentration does not necessarily suggest
that Zn and Ni substitute for Cu in the Cu(2) sites, as will
be discussed below. We also find that the removal or up-
take of oxygen in the Co-doped samples was perfectly re-
versible, at least up to heating or cooling rate of 10'C/
min, independent of the doping content.

C. Neutron powder 48fraetion

TGA measurements are an indirect way to determine
the doping occupancy of Cu(1) and Cu(2) sites. In order
to quantify the structure of these substituted high T, com-
pounds we have performed neutron powder diffraction on
two Co-doped samples; x 0.2 and x 0.8. Neutron
data, like x-ray diffraction on the same set of samples,
show no evidence for impurity phases. All refiections can
be indexed in the tetragonal P4/mmm space group. The
powder diffraction data were analyzed by the Rietvield
technique which allows the refinement of structural pa-
rameters. The known structure of tetragonal YBa2Cu3-
07-„was used as a starting point in the refinement. All
atomic displacements within the cell were allowed to vary,
consistent with P4/mmm. To include the effects of Co
doping, the occupancies of the Co and Cu were allowed to
vary, independently, on both Cu(1) and Cu(2) sites, sub-
ject to the contraint of complete occupancy of these sites.
Since we anticipate changes in oxygen stoichiometry from
TGA results, the occupancy of the 0(1) site [in the Cu(1)
plane] was also allowed to vary in the refinement.

The occupancies obtained from the refinement are
shown in Table II, where the x values are in excellent
agreement with the concentration used in sample prepara-
tion, thus accounting for all of the Co. In addition, the Co
preferentially occupies the Cu(1) site, enhancing simul-

97.5
100

TABLE II. Occupancy parameters found from neutron
powder diffraction on YBa2Cu3- Co„0$.93—y. Co(l) sites are
located in the Cu(1) sites between the Ba—0 planes, while the
Co(2) sites are located in the Cu(2) sites between the Y—Ba
planes. O(1) sites are in the Cu(1) plane.

97.5
60 220 380 540 700 860

Temperature (C)
FIG. 5. The oxygen losses are sho~n as a function of x for the

YSa2Cu3- M 07-„series ~hen the samples are heated under
argon up to 900 C at a rate of 10'C/min. (a), (b), (c), and (d)
refer to the Ni, Zn, Fe, and Co samples, respectively.

Occupancy

Co(i)
Co(2)
O(i)

x 02

0.22(2)
0.22(i)

—0.004(16)
1.04(2)
0.11(2)

0.S2(2)
0.73(1)
0.09S(17)
1.30(2)
0.37(2)
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Mossbauer measurements have been used as a powerful
tool to determine unambiguously the oxidation state of the
substituted Fe ions as well as their environment (i.e., crys-
tallographic site in the structure). The room-tem-
perature Miissbauer absorption spectra of samples with
various concentrations x of Fe are shown in Fig. 6. The
spectra clearly show the presence of electric quadrupole
interactions. Satisfactory fits were obtained in terms of
two quadrupole doublets Fe(1) and Fe(2) and a minor ab-
sorption doublet Fe(3) in the middle of the spectra. The
asymmetry in the line intensities, especially of the two
major doublets, may be due to the possible nonrandom

~00- goo

X=0.

YBa~Cu~ I(Fe&0~ g

~ ~ ~

~ O~ ~ ~

99—
I M

~ 100—
«K
IX

CD

99-
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Cl

X =0.

o g y~s~0

~kg e

Fe&
Fe2

j Fe1

l I l

0 2
VFLQCl TY ( mm/s)

FIG. 6. The Mossbauer spectra collected at room tempera-
ture are sholem for several members of the Ysa2Cu3- Fe 07-~
series (x 0.1, 0.2, and 0.8, respectively),

taneously the population of O(1) sites. An interesting
finding is that for every two Co atoms substituted in the
Cu(1) plane, one additional oxygen is brought into the
O(l) site as indicated in Table II. The observed increase
in oxygen stoichiometry is consistent with the tetragonal
structure, since, higher than fourfold Co-0 coordination
will introduce oxygen in the a axis sites which would be
unoccupied in the orthorhombic structure. These results
are also in agreement with the TGA data both for the oxy-
gen content (since for x 0.8 we reported 7-y 7.34)
and the occupancy of the Cu(l) sites by Co ions. The
thermal parameters for the O(1) site are found to be
larger than in the Co-free material, thus, suggesting that
the Co-0 bond may introduce local static disorder. A
detailed discussion of the neutron result will be published
elsewhere. 22

D. Mossbauer data

0.1

0.2
0.3

1.94
1.97
1.98

1.10
1.03
0.98

0.54
0.56
0.56

0.02
0.03
0.05

-0.02
—0.02
—0.01

0.30
0.30
0.31

'Isomer shift ~ith respect to Fe metal at roon temperature.

orientation of small single-crystal platelets in the powder
sample. The fits obtained with three quadrupole doublets
were slightly better at higher concentrations of iron. The
Fe(3) doublet is much smaller in magnitude and intensity
than the other two. The spectra were analyzed by least-
squares fitting to a sum of six Lorentzian curves of in-
dependent positions, widths, and amplitudes. The param-
eters obtained from the fits, the quadrupole splitting
(QS), and isomer shift (IS) are shown in Table III. If we
assume that the substitution of Fe and Cu ions occurs ran-
domly between the Cu(1) and Cu(2) sites, the spectral
area of the doublets may be proportional to the relative
site occupancies. Therefore we may be tempted to associ-
ate Fe(1) and the Fe(2) doublets with the Cu(l) and the
Cu(2) sites, respectively, in agreement with Zhou et al.
This assignment of site preference is not unique; for exam-
ple Fe may substitute only in Cu(1) site but with different
oxygen coordination ranging from 2 to 6, leading to
different quadrupolar splittings. The latest assignments
are most probable. The intensity ratio of doublet Fe(2) to
doublet Fe(1) depends on the iron centration (see Fig. 6).
When the concentration of Fe is low, the Fe(1) prevails
over the Fe(2). As the Fe concentration increases, Fe(2)
prevails over Fe(1). The concentration of Fe(3) is almost
constant with x. The isomer shift of the Fe(l) and Fe(2)
doublets are very small and close to zero. The isomer shift
for the Fe(3) doublet is 0.3 mm/s and is almost indepen-
dent of the Fe concentration. The IS values indicate that
Fe(3) is in Fe + state. The isomer shifts for the Fe(1)
and Fe (2) doublets (Table IV) indicate that Fe could ei-
ther be localized Fe3+ or could be metallic. Mossbauer
experiments on sample containing Fe as a function of
temperature are in progress. We hope to clarify the site
assignments and the electronic configuration of Fe in
these high T, superconductor perovskites.

K. Suyercoidueting mseasurements

In Table IV the superconducting critical temperatures
determined inductively, T,(ac), are reported together with
those measured resistively where T,(p) and bT, n refer to
the resistive midpoint and the transition width, respective-
ly. The width is determined from the 10% to 90% points
of the resistive transition. Note that for both the Zn and
Ni series, the lowest T, is 4S K because of the inability to
prepare single phase materials for x greater than 0.3. For
both the Fe and Co systems, which form a single phase
over a wide range of concentration, T, can be reduced to
zero. The resistivity of the Co-doped samples, from room

TABLE III. Room-temperature hyperfinc parameters (in
mm/s) of YBa2Cu3- M, O7-„compounds.

x (Fe) QS(1) QS(2) QS(3) IS(1)' IS(2)' IS(3)'



J. M. TARASCON et al. 37

TABLE IV. Transitions temperatures and resistivity values at 300 K for the materials studied. Also reported are the parameters
obtained from a fit to a Curie-Weiss la~. Shorn are the %eiss constant e, the temperature independent susceptibility Xo, the
cA'ective magnetic moment per hf atom (p,g) derived from the Curie constant C, the temperature interval over which the 6t was

determined, and the rms deviation of the data from the Curie-Weiss law (in percent).

p (300 K) T, (p) AT, (p) T, (ac)
mo cm (K) (K) (K)

Cg a
(emu/g) (%)

8 Xo

(K) (l0 ' emu/g)
Pen'

(corrected)
Fitting
interval

No 000 0.5 0.50 21 100-300

Fe 002
0.05
0.1

0.2
0.3
0.4
0.5
0.8

1.7
1.7
5.2
7.5
8

10
10

170

91.8
91.8
76
49
31

0
0

1.5
1.3
5
9
7

4.2
6.21
8.0

10.0
12.6
14.2

0.30
0.29
0.20
0.29
0.27
0.14

13
5
9

11
16
12

0.62
1.20
1.49
1.83
1.87
2.90

4.74
4.05
3.74
3.65
3.67
3.36

4.23
3.77
3.54
3.48
3,53
3.23

Tc-320
Tc-320
40-320
40-320
40-320
40-320

Co 0.02
0.05
0.1

0.2
0.3
0.4
0.5
0.8

1.1
3.8
4.5

11
20
77
50
10'

93.4
94.3
73
53
22
0
0
0

0.9
1.4
3.7
6.2
9

92-90
92-86
70-52
50-38

13-4
0
0
0

3.1

5.3
6.4
9.7

1 1.2
16.9

0.16 0
0.18 15
0.24 20
0 37 52
0.26 66
0.58 100

0.71
1.14
1.31
1.16
1.32
1.23

4.05
3.74
3.37
3.52
3.46
3.52

3.44
3.43
3.14
3.28
3.31
3.27

Tc-320
Tc-320
40-320
40-300
40-320
40-320

temperature to 4.2 K, is shown in Fig. 7(a) as an example.
Note that T, decreases continuously with increasing the
Co content and is less than 4.2 K at x 0.4. Further Co
doping results in an increase in resistance with decreasing
temperature characteristic of a semiconducting behavior.
Note that the tetragonal Co-doped phases where x 0.1

and x 0.2 show sharp superconducting tra".dition at 75
and 50 K, respectively. Similar results were obtained for
the Fe series as summarized in Table IV and shown in

Fig. 7(b). For both systems the value of the resistivity
above T, increases with doping content, but more surpris-
ing is the incipient semiconducting behavior observed for
x 0.3. This indicates passage directly from a supercon-
ducting to a semiconducting behavior without going
through a nonsuperconducting metallic state. Similar re-
sults have been so far found in all doping studies of these
new high-T, materials as well as for the Ba-Pb-Bi-Q su-
perconducting system. The increase in resistance with
decreasing temperature observed just above T, for the Fe-
and Co-doped compounds x 0.3 and 0.4, respectively,
may be due to inhomogeneities in the sample. However,
single-crystal transport measurements ' show semicon-
ductinglike behavior in the e direction and metalliclike be-
havior in the (a,b) plane. Therefore, it is also possible
that the observed increasing departure from metalliclike
behavior in our ceramic samples may reBect localization
within the Cu-Q planes due to increasing dopant concen-
tration leading to a behavior analog to that observed along
the c direction in single crystals. A more detailed study of
these effects is in progress.

The variation of T, as a function of x for the Fe-, Co-,
Al-, Ni-, and Zn-doped samples is shown in Fig. 8. Note

2O I
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FIG. 7. The resistivity vs temperature for several members of
the doped YBa2Cu3-, M 07-~ perovskites is given from 300 K
to 4.2 K. (a) The data for the Co-doped samples are shown. (h)
The data for the Fe-doped samples are shown.
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FIG. 8. Variation of the superconducting critical tempera-
tures T, as a function of x is reported for Fe-, Co-, Ni-, Zn-, and
Ai-doped 90 K perovskite series.

that the superconducting critical temperatures change in a
similar manner for both Fe- and CoMoped samples. T,
remains constant up to x 0.05 and then decreases mono-
tonically. The depression of T, with increasing Ni and Zn
concentration is nearly identical. T, decreases sharply to
55 K at x 0.1 and then more slowly to 45 K at x 0.3.
For greater metal content the system is multiphase. For
the Al series, T, remains constant up to x 0.1 where the
0-T transition takes place and then decreases continuous-
ly up to x 0.40. Beyond this Al content the system is
multiphase. Independent work2' on single crystals has
shown that T, was lower than 4.2 K at x 0.21. Such a
difference may arise from different anneahng tempera-
tures or most likely from difflculties in controlling oxygen
stoichiometry in single crystals. For instance our x 0.2

L I'L /%A/ V0 ~ M» ~» ng ~ Q ~

x 0.3 x 0.2'~ x=0.1

~ g g% / I
C7 gsaa »

»

3 »
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Temperature (K)

FIG. 9. Magnetic susceptibility as a function of the tempera-
ture for several members of the Ysa2Cu3- Co 07-~ series.
The upper curves are for cooling in a 6eld of 10 6; the lovrer

curves are for warming in 106 after coobng in zero Seld.

Al-doped ceramic does not superconduct down to 4.2 K
when deficient in oxygen.

The substitution of copper by Fe as reported by Maeno
et al. ' shows that the percent of bulk superconductor in
their samples decreases with increasing dopant concentra-
tion probably due to inhomogeneity efl'ects. Meissner
measurements have been done for the Co series and the
curves reported in Fig. 9 indicate a similar Meissner effect
(of about 38%) is observed for concentrations up to
x 0.2. This is further evidence that our samples, at least
to x 0.2, are homogeneous bulk superconductors. For
the x 0.3 sample, the superconducting transition is not
complete, preventing the determination of the exact
Meissner fraction. But since the observed effect is smaller
than for the other samples of the same series, the material
might be less homogeneous, consisting of semiconducting
and superconducting grains.

F. Magnetic measuremeats

In an attempt to determine the oxidation state of the
doped species of the 90-K materials, magnetic measure-
ments have been performed from 4.2 K to room tempera-
ture. We present data here only for the Fe and Co system
since we have shown elsewhere' that Ni, like Zn, is most
likely divalent. The observed magnetic susceptibility for
two members of each Co and Fe series (x 0.2 and
x 0.5), shown in Fig. 10, indicates that Xs changes with
temperature in a Curie-type manner. The data can be
fitted to a Curie-Weiss law of general formula Xr Crl
(T+8)+Xo, where Cr, 6, and Xo are the Curie constant,
the Weiss constant, and the temperature-independent sus-
ceptibility. The best fits were usually obtained over the
range of temperature 40-320 K. The values of the mag-
netic moments per doping ions (p,s) and the Weiss con-
stants deduced from the fits are reported in Table IV, all
together with the corrected values of magnetic moments
obtained after subtracting out the magnetic
contribution for the undoped material. The plot of
(g-go) ' vs T (Fig. 10) produces a straight line as ex-
pected for a Curie-type behavior. Below 40 K some sam-
ples showed a deviation from the Curie law as shown in

Fig. 10 for the x 0.5 Fe-doped sample, but no evidence
for magnetic ordering was observed down to 4.2 K. These
anomalies at low temperatures may arise from a small
amount of antiferromagnetic impurity phase such as
Y28aCu05 (T~ 20 K). However, some type of mag-
netic ordering was detected by means of low-temperature
Mossbauer measurements, 2 s but the low-temperature
behavior might simply reflect an intrinsic property of
these compounds, like strong crystal-field interactions. 26

Note that for the Fe series, p,s per doping atom slightly
decreases with increasing the doping concentration
whereas it remains roughly independent of the concentra-
tion for the Co system. However, a striking result is that
the magnetic moment is similar for both Fe and Co ions
whereas different values are expected, at least if these ions
have the same oxidation state. From this result, it is
tempting to state that the magnetic moment is induced on
the copper atoms. This point was completely ruled out by
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reasonably high for such a kind of interaction. In the
RKKY mechanism we should expect 8 to scale with the
density of free carriers, but the resistivity experiments
[loss of metallicity with increasing doping (see Table III
and Fig. 7)1 do not give a clear evidence for such a behav-
ior. On the other hand, it is interesting to recall that the
sign of the transfer inte ral for 180' Co3+-0—Co3+ su-

perexchange is negative 3 indicating antiferromagnetic in-

teractions. Increasing the Co concentration, results in

enhancing the integral transfer and then 8, as observed.
Similar results should be expected with the Fe-doped sam-

ples but are not observed, most likely because the Fe is
dispersed among both Cu(l) and Cu(2) sites (as indicated
above by TGA and Mossbauer data) so that the transfer
integral resulting from the 180' superexchange is weakly
enhanced. Magnetic measurements have been performed
on samples after removal of oxygen and no change in the

p,ii was observed, as expected, if the coordinance around
Co is not affected by the oxygen removal. The observed
deviations from the Curie-Weiss law still persist at low

temperatures for the nonsuperconducting argon-annealed
samples, suggesting that the "magnetic anomaly" at low

temperature is not related to superconductivity. We note
here that p,s was also independent of oxygen content for
the rare-earth series. 'o From the p,g's alone it is impossi-
ble to determine the valence of the doping ions.

70 140 240 280 350 DISCUSSION

Temperature (K}

FIG. 10. The magnetic susceptibibty in a 6eld of 10 k6 as a
function of temperature is given for several members of the
YBaqCu3-, M,O7-r series [x 0.2 and 0.5 when M Co and
Fe, (a) and (b) respectivelyl. In (b) the susceptibility for the
Al&oped sample x 0.2 is shown as well (dashed curve).

measuring the magnetic susceptibility of the x 0.2 Al-
doped samples since only a paramagnetic susceptibility in-
dependant of the temperature was observed [Fig. 10(b)l.
For the Co system, 8 increases with increasing x to reach
a value as high as 100 K at x 0.8. Crystal-field interac-
tions or impurity phases can be responsible for this nega-
tive intercept in the susceptibility I/X vs T curve, but the
variation of 8 with increasing doping concentration, and
the fact that no impurity phase was observed suggests
more probably an antiferromagnetic effect. Because of
the magnitude of 8 at large x, our simple Curie-Weiss fit
may not be very reliable (too much importance should not
be attached to p,s/Co atom at x 0.8). High-
temperature measurements are required to precisely
determine this value. Among the possibilities to explain
the antiferromagnetic interactions are dipoleMipole in-
teractions and mediated interactions, for example, via
conduction electrons [Ruderman-Kittel-Kasuya- Yosida
(RKKY) mechanism] or via cation-anion-cation interac-
tions (superexchange mechanism). The dipoIeMipole in-
teractions can be ruled out lust because 8~100 K is un-

The YBazCu307-i, perovskite structure contains two
copper sites. The copper atoms belonging to the Cu-0
chains, Cu(1), possess a square-planar environment
whereas the ones within the CuOz planes, Cu(2), sit in a
square-pyramidal environment. The 3d metals can occu-

py either of these sites, and the challenge from the data
reported above and related work is to determine the posi-
tion of the 3d metals within the structure and then their
oxidation states.

The substitution for Cu by divalent Ni and Zn ions
maintains the orthorhombicity of the 90 K phase whereas
doping with Fe, Al, and Co ions, which have a higher
valence, destroys it and favors a tetragonal unit cell.
Chemical pressure is generally required to stabilize 3d
metals in their high oxidation states (the higher the oxida-
tion state, the smaller the volume of the ion). An ion in a
high oxidation state is usually expected to be found in a
highly oxygen-coordinated site, for instance, in an octahe-
dral rather than in a square planar environment. The
Cu + ions may constitute an exception if they are on the
Cu(1) sites as suggested by other authors, but to our
knowledge there are no compounds in which Co3+ is
square planar. Thus, one would expect cobalt to draw in

oxygen atoms in order to increase its coordination. Chem-
ical analysis of oxygen content and neutron measurements
as a function of doping content have con6rmed this point,
at least for x greater than 0.2, and have shown that each
added Co atom pulls in 0.5 oxygen atoms, so that a possi-
bility is that two Co atoms may share an oxygen and form
Co-0-Co pairs. This would lead to attractive interac-
tions between Co atoms. Such interactions may result in
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phase segregation as a function of temperature, thus em-
phasizing the importance of heating condition. By neu-
tron diff'raction it was also shown that Co mainly substi-
tutes for Cu(1) and that extra oxygens occupy the oxygen
vacancies present on the a axis in the orthorhombic 90 K
phase. The partial filling of these sites induces the tetrag-
onal distortion observed experimentally. A complete oc-
cupancy of these sites (octahedral environment) requires
one oxygen for each Co atom added [if we assume no oxy-
gen vacancy around Cu(1) is createdl. Thus, a cobalt
square-pyramidal coordinated (i.e., half of the oxygen va-
cancies within the a axis occupied) is more suitable to ex-
plain the oxygen data. Such a configuration is not unusu-
al for trivalent cobalt and has been found within the
SriCoiOs phase where the Co atoms sit in an octahedral
environment with one oxygen missing (i.e., one oxygen
vacnacy ). No evidence for a superlattice due to order-
ing of Co and Cu has been detected by neutron dif-
fraction.

It js important to recall that an O-T transition has been
found to occur in these compounds upon removal of oxy-
gen. The structural transition has been explained i as the
result of the reduction of the effect of repulsive interac-
tions between the oxygens (which force the oxygens to
form chains in the 90 K phase starting material) by intro-
ducing disorder (i.e., oxygen vacancies). Within the Co-,
Al-, or Fe-doped samples the repulsive interactions are
overcome by the energy gained to place trivalent ions in
an octahedral environment (i.e., 90' 0-Co-0 bonds).
The trivalent ions strongly bond to the oxygen as shown

by the TGA measurements which indicate that the num-
ber of removable oxygens decreases with increasing
dopant content. For instance, only 0.15 oxygen per for-
mula units can be removed from the Co compound with
x 0.8. The Ni and Zn substitutions do not aff'ect the re-
moval of oxygen; thus we are tempted to claim that di-
valent Ni and Zn substitute for Cu(2). Neutron dif-
fraction experiments and extended x-ray absorption fine-
structure spectroscopy experiments are in progress to
answer this question.

At this point an interesting comparison can be made
with YBaz,La„Cus07 y system study by Cava et al. is

The authors have shown that this system undergoes an
O-T phase transition at x 0.4, and that within the
tetragonal range the oxygen content increases with x
whereas the amount of removable oxygen decreases with
x. Since La cannot substitute for copper, our TGA results
may appear at first sight as pure coincidence. It is impor-
tant to recall that to preserve the charge balance, when La
or Co are introduced, either copper must be reduced or
oxygen must be added. If we assume the balance of
charge to be due only to copper reduction, then the
valence of Cu in YBa2 La Cus07 will be (7 —x)/3 and
in YBaiCui „Co„07it will be (7 —3x)/(3 —x). Then at
a given x Cu is more reduced in the La case than in the Co
case. But both the O-T transition and the mygen increase
occur at a lower concentration in the Co system than in
the La one whereas it should be the contrary if the valence
of Cu were responsible for them. Therefore we believe
that in the Co system the charge balance is maintained by
oxygen uptake resulting from the need of Co to be highly

coordinated, rather than by a reduced Cu oxidation state.
Thus our TGA results are not fortuitous, and it is the
presence of the extra oxygens which drives the structure
tetragonaL The sharp change in unit-cell parameters a
and c seems to indicate that the 0-T transition is discon-
tinuous. On the other hand, because of the insensitivity of
diffraction experiments to local order, it may be possible
that some of the Cu(1)-0 chains may still persist in the
tetragonal phase, particularly at the lower Co concentra-
tions where the additional 0 are localized about the Co
impurities. Thus in such a case one would expect a con-
tinuous change in the physical properties with increasing
doping content, as observed. Our plot of T, shows a con-
tinuous change but with two different slopes which may
reflect the rate at which the chains are destroyed within
the phase by addition of a trivalent ion.

Explaining the magnetic data for the 3d metals is not
trivial, mainly because of the various electronic config-
urations resulting from the competitions between crystal-
field and atomic-exchange interactions. For instance,
Cos+ (d6) can exist in three electronic configurations
which are high spin (s 2), low spin (s 0), or intermedi-
ate spin (s 1). With Fe, in addition to different spin
states we also have several possible oxidation states
(2,3,4,5). Further complications arise from the fact that
these compounds are metallic so that the electrons might
be slightly delocalized, not residing on the doping atoms
M, which would lower the measured eff'ective moment.
One intriguing result is that the magnetic moment per
doping ion is of about the same order, p,s 3.4ps for both
Co- or FeMoped samples whereas different values will be
expected for these d and ds ions, respectively. A mag-
netic moment of 3.4@a per either Fes+ or Cos+ is, howev-
er, too small or too large for high-spin or low-spin
configuration, respectively. A similar magnetic moment
per Co ion has been obtained for Co + in an intermediate
electronic spin configuration within the perovskite
Sr2Co20s phase where the octahedral environment is dis-
torted due to the presence of an oxygen vacancy. i" Such
an electronic configuration is generally metastable and
transforms to high spin at high temperature. To test this
hypothesis, magnetic measurements should be extended to
higher temperatures but complications may arise from the
fact that these compounds lose oxygen when heated above
400'C. For the cobalt-doped samples it is diflicult from
magnetic data to ascribe a valence to the Fe ions since the
magnetic moment does not correspond to either of the
ones expected for the various possible oxidation or elec-
tronic states of the Fe ions. But, from the Mossbauer
measurements (isomer shift), it seems that Fe is most
probably in the Fe + state as also predicted from structur-
al data. The magnetic moment per Fe atom does not
agree either with high-spin (-5.9ps) or low-spin
(-2@a) states. However, the data are consistent with the
two followiilg possibilities. First, since Fe is distributed
over the two copper sites of diff'erent crystal fields, we can
have a mixture of high-spin and low-spin configurations.
Second, as in the case of Co the value of p,fr may be de-
scribed by the possibility of an intermediate spin, or spin
crossover which is often found in Fe(III) and Co(III),
especially in a fivefold coordination. '7
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CONCLUSIONS

We have reported physical properties resulting from the
chemical substitution of Cu by Co, Fe, Al, Ni, and Zn in
the YBa2Cu3 —,M„O7 —y. We show, as for the 40-K ma-
terials, that there is a depression of T, with increasing
doping concentration, whether the doping ion is magnetic
(Co, Fe, or Ni) or diamagnetic (Al or Zn). This suggests
that the behavior of these materials with respect to mag-
netic impurities is different than that of conventional
Bardeen-Cooper-Schrieffer (BCS)-type superconductors.
This might be related to the uncommon anisotropic oxide
structure of these compounds or to the fact that they may
not be conventional BCS-type superconductors. For tri-
valent ions, an O-T structural transition takes place and,
simultaneously, the oxygen content (y) increases whereas
for divalent doping (Ni, Zn) both orthorhombicity and
oxygen content are maintained. We gave evidence that

Co, Fe, and Al substitute mainly in the Cu(l) site, but our
data cannot be conclusive for the Ni and Zn substitution.
Finally, we stress that the physical properties of these ma-
terials are extremely dependent upon processing (i.e., heat
treatment time, temperature, and ambient). The unusual-

ly short superconducting coherence length (-10 A.) of
these materials make chemical doping studies quite
diScult because of inhomogeneity problems. Work ad-
dressing this problem is in progress.
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