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Changes in the ratios of cations by —10% off' the YiBa2Cu308 —~ composition demonstrated
that a range of solid solutions exists in this material. The critical temperature within this range is

strongly composition dependent and falls oA from above 90 to -70 K. Annealing stoichiometric
samples in 1 bar of oxygen at 700 C for 36 and 108 h resulted in a narrowing of the magnetic
susceptibility transition and significant increases in the critical current density J„p-type eff'ective

carrier concentration n, and upper critical field 0,2. After annealing, J, between 5 and 60 kOe
was (3-1.5) X10 A/cm at 4.2 K and (2-0.5) X102 A/cm2 at 77 K. The value of n* after an-
nealing was 4.2X10~' cm '. An extrapolated value of H, 2(T=O) =1.2 MOe was obtained from

~
dH, 2/dT ~

19 kOe/K. A set of microscopic superconducting parameters was derived from re-
sults of resistive measurements made on a single, annealed specimen.

The observation of a superconducting transition above
90 K in phase mixtures of nominal composition
Y i 2Bap 8Cu04 —y and Yo 6Bao 4Cu04 y was first reported
by Wu et al. ' and Chu et al. This discovery was prompt-
ly followed by the identification of the superconducting
compound Y~Ba2Cu30s —y (hereafter called the I:2:3
compound) having a perovskite-related orthorhombic
structure. In our case, as in Ref. 5, the identification
was based on the scanning electron microscope (SEM)
and the x-ray energy dispersive spectroscopy (EDS)
analysis of phases in the first of the Wu and Chu multi-
phase compositions. Grains of two major phases present
had distinctly different growth habits and compositions
which made the identification possible. These two phases
were then prepared in pure form and examined. Magnetic
susceptibility Z and x-ray diA'raction data confirmed that
the black phase responsible for superconductivity at
90-95 K was Y i Ba2Cu308 y, having an orthorhombic
crystal structure.

In this Rapid Communication, we show the eII'ect of de-
viation from the ideal 1:2:3composition on the supercon-
ducting transition and examine the eA'ect of annealing in

oxygen on the transition width, carrier density, and criti-
cal current density in sintered specimens of Y-Ba-Cu-O.
Upper critical field and resistivity data obtained near the
superconducting transition temperature T, are used to es-
timate several pertinent parameters of the superconduct-
ing phase and to compare results with those of Cava
et al. No determination of the number of oxygen vacan-
cies y was made, although the efIects of annealing in oxy-
gen indicated that y~0.

Samples were prepared from reagent grade Y203,
BaCO3, and CuO by mixing the constituents and reacting
at 940'C for 16 h in Aowing oxygen at atmospheric pres-
sure. After cooling in oxygen, the reaction mixture was
reground, the same heat treatment repeated, and the
product reground again. The resulting powder was
pressed into 1-mm-thick pellets, 13 mm in diameter,
which were sintered at 940 C and cooled in oxygen. The

pellet density was 87% of the pycnometric powder density.
The dependence of resistance upon temperature T and

magnetic field intensity 0 and the magnetic moment
M(T, H) have been determined, as in an earlier Letter
where experimental details were described and discussed.
The critical current density was derived, as before, from
magnetization hysteresis loops.

Figure 1 shows the efIect of deviations from the compo-
sition with 1:2:3 stoichiometry on magnetic susceptibility
Z(T). The magnetometer samples were powders that
were prepared in oxygen but not subjected to any addi-
tional annealing before the magnetic moment measure-
ments. The results of the susceptibility measurements are
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FIG. 1. Magnetic susceptibility, normalized to the diamag-
netic signal at 4.2 K from the YiBa2Cu308 —~ sample, plotted as
a function of temperature for samples with diferent cation com-
positions. The T, onset and superconducting volume fraction
for Y~BaqCu30s —y (open triangles), Y~osBa~ sCu3008 —y (open
circles), and Y~ OBa22Cu300s —y (open squares) are shown in

Table I.
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TABLE I. Effect of deviation from the Y1Ba2Cu308 —„stoichiometry on T, and the
superconducting-phase content derived from diamagnetic susceptibility of powders. Resistive T, and
resistivity p in sintered unannealed pellets are also given.

Composition,
cations only

Y1 pBa2.0Cu2. 0

Y1.05Ba1.8Cu3 p

Y1 pBa2 2Cu3 0

T, (K)
onset from

susceptibility

91
70
70

Superconducting
volume (%)

100
90
55

T, (~)
5%-95%
resistive

95-90
81-60
94-88

P120 K

(p n cm)

730
1580

10700

p3oo K/pl 20 K

1.9
2.3
1.1

summarized in Table I, along with the results of resistive
measurements on unannealed pellets. The critical temper-
ature and the relative volume fraction of a superconductor
determined from X(T) (Fig. 1) decreased when the ratios,
(Ba+Y)/Cu and Ba/Y, were lower or higher than 1 and 2,
respectively. The superconducting fraction of the
Y~ p5Ba~ sCus pOs —y sample was relatively homogeneous
since the resistive T, was comparable to that from X. In
Y~ pBa2 2Cu3 p08 —~, the resistive T, did not decrease rela-
tive to the 1:2:3sample, the resistivity at 120 K, p~2p K, in-
creased by a factor of 15, and the resistivity ratio
p3QQ x/p]2Q K decreased. Therefore, a small concentration
of the 90-K composition was present in a matrix of
higher-resistivity and lower-T, material.

The x-ray diff'raction patterns were indexed in all three
specimens listed in Table I to the same orthorhombic
structure with some line broadening observed in the off-
stoichiometric powders. The unit cell dimensions were
a =3.817+'0.010 A, b =3.888 ~ 0.010 4, and c =11.652
+' 0.010 A. Diff'erences observed in the lattice parameters
of samples of the three compositions were within the esti-
mate of lattice constant error. Within the limitation im-
posed by the intensity of our x-ray source, no evidence for
a second crystallographic phase was found in the off-
stoichiometric samples.

It is generally believed that Y~Ba2Cu50s ~ is a line
compound based on the fact that the high-T, phase was
observed in multiphase samples as far off stoichiometry as
Y) 75Bap25CuO„. ' In contrast, our data suggest that a
range of solid solutions with Y, Ba, and Cu exists and that
Y~Ba2Cu50s ~ is not strictly a line compound. Our x-ray
data for samples prepared in oxygen are in contrast to the
crystallographic data of samples prepared in air, present-
ed in Ref. 6, where a second phase was detected in sam-
ples with similar deviations from ideal stoichiometry.

The reduction in superconductor volume fraction and

the decrease in T, of most of the superconducting fraction
indicate that the composition range for superconductivity
is very narrow. The insensitivity to slight off-stoi-
chiometry variations reported by Engler etal. , based on
resistive T, measurement, can be explained by the pres-
ence of small amounts of the stoichiometric phase in their
off-stoichiometric preparations, '' such as we observed in
our Ba-rich samples. Considerable accuracy in the for-
mulation of the material is thus required to obtain proper-
ties fully representative of the 1:2:3superconductor.

We measured the dc susceptibility as a function of tem-
perature for a sintered disk of Y~BazCu50s ~, 3 mm in
diameter and 1 mm thick, which was annealed at 700'C
in Aowing 02 successively for the total time of 0, 36, and
108 h followed by cooling in 02 to below 400'C. The sus-
ceptibility at 4.2 K was in all cases comparable to that in a
geometrically identical Nb disk. Table II summarizes the
effect of annealing time on the T, onset (defined as 5% of
the diamagnetism at 4.2 K), on the 5-95% superconduct-
ing transition width h, T„ from magnetic moment mea-
surements, and on the resistive properties discussed below.
As shown in Table II, the susceptibility transition shar-
pened upon annealing for 36 h but further annealing had
no eff'ect. The transition in the as-sintered disk was much
broader than in the starting powder which indicated that
filling of oxygen vacancies was occurring at temperatures
lower than the sintering temperature. During cooling, the
oxygen diffusion into the pellet was more difficult than
into the powder. A direct determination of the vacancy
content before and after annealing in oxygen remains to
be done.

The critical current density J, increased significantly
due to annealing in oxygen. Figure 2 compares J,(H) in
magnetic fields between 5 and 60 kOe at several tempera-
tures, before and after annealing for 36 h. The J, increase
was observed at all temperatures of measurement. It was

TABLE II. Effect of annealing in oxygen on superconducting and normal properties of
YIBa2Cu308 —~. Magnetic moment data and resistive data were obtained on two different samples.

Annealing time
(total hours)

Magnetic moment data
T, (V.) ~T, (K.)

5% onset 5%-95%
z; (v)

5%-95%
P120 K

(pn cm) p300 K/p120 K

Resistive measurements
n*

(cm ')

0
36
72

108

87
91

91

67
—21

—21

95-90

95-93

760

400

2. 1

2.3

1.4 x 102'

4.2x10 '
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FIG. 2. Critical current densities from magnetic moment
hysteresis loops. (a) Before annealing and (b) after 36 h in 02
at 700 C.

especially noticeable above 60 K where annealing made J,
less dependent upon H, thus indicating that the increase of
J, was primarily due to an increase in the upper critical
field H, 2. At lower temperatures, the J,'s were almost in-
dependent of 0 reflecting the fact that the measurement
fields were much smaller than the very high upper critical
field.

Upon annealing for an additional 72 h (108 h total
time) the J, 's remained almost unchanged or decreased

slightly. This is an indication that a prolonged heat treat-
ment reduces the number or strength of flux pinning sites
of a yet unspecified nature. The SEM observation of the
sample surface did not reveal any noticeable grain growth.
We are aware of only one J, data point reported by others
for the 1:2:3 compound: the self-field J, = 1.1 x 10
A/cm2 at 77 K determined from transport data by Cava
er al. This value is higher than our data obtained in the
annealed sample at H=5 kOe and 77 K. However, since
J, at 5 kOe could be several times smaller than self-field
values, their data point is consistent with our measure-
ments. At comparable reduced temperatures T/T„ the
J, 's were an order of magnitude higher than those which
we reported for the La'sSro2Cu04 superconducting ox-
ide. In the case of both high-T, oxides, an unexplained
maximum in J, was observed at some magnetic field
greater than zero but much less than H, 2.

Hall constant measurements were made at 103 K by the
dc van der Pauw technique, as described before. The
Hall voltage was linear in field up to 50 kOe and its sign
was indicative of hole conduction. The effective carrier
density was n* =1.4x10 ' cm before annealing, and
increased by a factor of 3 to 4.2X 10 ' cm after 72 h of
annealing. The resistivity at 120 K decreased from
p =760 to 400 p 0 cm. Cava et al. also observed that their
samples were p type (from the Seebeck voltage) but found
the Hall constant too low to measure, leading to a lower
limit of n * = 1.1 x 10 cm in samples having a residual
resistivity of 200-250 pQ cm. It is important to deter-
mine whether the changes in the Hall constant and
norma1-state resistivity were due to deviations from the
ideal cation stoichiometry, less than optimum oxygen con-
tents, or perhaps they were due to other causes.

An extrapolation of the upper critical field in the sam-
ple annealed for 72 h was obtained from

~
dH, gdT

~-19~2 kOe/K near T,. This value was obtained from
resistive transition midpoint values measured in magnetic
fields up to 60 kOe. The value H, 2(0) =1.2 MOe, was
calculated in the dirty limit assuming zero paramagnetic
limiting. ' The slope of the upper critical field and the re-
sulting 0,2 extrapolation are higher than those derived
from transition midpoints in phase mixtures. ' ' We are
not aware of other H, 2 data reported for the single phase
material.

From the slope of the upper critical field and other
resistive properties of one specimen, we calculated several
pertinent parameters of the 1:2:3 compound which are
given in Table III. ' ' Also listed are parameters calcu-

TABLE III. Superconducting parameters derived from T„~dH, 2//dT ~, p'20x, and n.

n 42x10 ' n 10 ref 3

Electronic specific-heat coe%cient

Ginzburg-Landau coherence length
Ginzburg-Landau penetration depth
Ginzburg-Landau x

Thermodynamic critical field
Depairing critical current density

y [erg/(K -cm ) I

y [mJ/(K'-mol f.u. ') I

g(0) (A)
'(0) (A)

H, (0) (kOe)
J'(0) (A/cm')

450
5

14
2000

150
8

3x10

1050
11
14

1300
100

13
7x106

750
8

22
1000

45
10

8x10

'f.u. is the formula unit defined as YiaazCu3+8 —y.
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lated in the dirty limit to show the largest discrepancy
that could result if the carrier density of Cava et al. were
assumed. The parameters from Ref. 3, given in the last
column to permit comparison, were based on p~20K, and T,
from one sample, and dH, i/dT from Ref. 1 for a sample
with a diferent composition.

The derived values of y, the electronic specific-heat
coefficient, fit the qualitative pattern noted by Batlogg
etal. ' Specifically, Y~Ba2Cu30s-i, joins (La, Sr)2Cu04
and Ba(pb, Bi)03 as part of a distinct class of supercon-
ductors with high T, and relatively low y. The depairing
critical current density is higher than for (La, Sr)2Cu04
because the thermodynamic critical field H, (0) is larger.
The coherence length is not much larger than the size of
the unit cell. The use of p~20g in these calculations prob-

ably overestimated the normal-state resistivity that would
be obtained at low temperature in high magnetic fields, so
y, H, (0), and Jg (0) were correspondingly underesti-
mated.

In conclusion, the superconducting properties of
Y~ Ba2Cu308 ~ are very strongly dependent upon the con-
centration of oxygen vacancies and also upon deviations
from the 1:2:3 stoichiometry. The measured critical
current densities, although low, show a better promise of
technical applicability than those observed in Sr-
substituted La2Cu04. The calculated depairing current is
also much higher in the present case.

This work was supported in part by the Air Force of
Scientific Research, Contract No. F49620-85-C-0043.

'M. K. Wu, J. R. Ashburn, C. J. Torng, P. H. Hor, R. L. Meng,
L. Gao, Z. J. Huang, Y. Q. Wang, and C. W. Chu, Phys. Rev.
Lett. 58, 908 (1987).

2C. W. Chu, P. H. Hor, R. L. Meng, L. Gao, Z. J. Huang, Y. Q.
Wang, J ~ Bechtold, D. Campbell, M. K. Wu, J. Ashburn, and
C. Y. Huang (unpublished).

R. J. Cava, B. Batlogg, R. B. van Dover, D. W. Murphy,
S. Sunshine, T. Siegrist, J. P. Remeika, E. A. Rietman,
S. Zahurak, and G. P. Espinosa, Phys. Rev. Lett. 58, 1676
(1987).

4P. M. Grant, R. B. Beyers, E. M. Engler, G. Lim, S. S. P. Par-
kin, M. L. Ramirez, V. Y. Lee, A. Nazzal, J. E. Vasquez, and
R. J. Savoy, Phys. Rev. B 35, 7242 (1987).

5W. J. Gallagher, R. L. Sandstrom, T. R. Dinger, T. M. Shaw,
and D. A. Chance, Solid State Commun. (to be published).

H. Stein6nk, J. S. Swinnea, Z. T. Sui, H. M. Hsu, and J. B.
Goodenough, J. Am. Chem. Soc. (to be published).

7M. B. Brodsky, Presentation at the 1987 American Physical
Society March Meeting (videotaped, unpublished).

SJ. R. Gavaler, Presentation at the 1987 American Physical So-
ciety March Meeting (videotaped, unpublished).

A. J. Panson, G. R. Wagner, A. I. Braginski, J. R. Gavaler,

M. A. Janocko, H. C. Pohl, and J. Talvacchio, Appl. Phys.
Lett. 50, 1104 (1987).

' J. M. Tarascon, L. H. Greene, W. R. McKinnon, and G. W.
Hull, Phys. Rev. B 35, 7115 (1987).

''E. M. Engler, V. Y. Lee, A. I. Nassal, R. B. Beyers, G. Lim,
P. M. Grant, S. S. P. Parkin, M. L. Ramirez, J. E. Vasquez,
and R. J. Savoy, J. Am. Chem. (to be published).
N. R. Werthamer, E. Helfand, and P. C. Hohenberg, Phys.
Rev. 147, 295 (1966).
T. P. Orlando, K. A. Delin, S. Foner, E. J. McNiff, Jr., J. M.
Tarascon, L. H. Greene, W. R. McKinnon, and G. W. Hull,
Phys. Rev. B 35, 7249 (1987).

~4S. Hwu, S. N. Song, J. Thiel, K. Poeppelmeier, J. B. Ketter-
son, and A. J. Freeman, Phys. Rev. B 35, 7119 (1987).

' Calculations based on the compilation of BCS relationships, in
T. P. Orlando, E. J. McNiff, Jr., S. Foner, and M. R. Beasley,
Phys. Rev. B 19, 4545 (1979), with S/Sf -0.5.

'sThe maximum (depairing) current calculated after H. Lon-
don, Proc. R. Soc. London, Ser. A 152, 6750 (1935).

' B. Batlogg, A. P. Ramirez, R. J. Cava, R. B. van Dover, and
E. A. Rietman (unpublished).


