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Influence of oxygen deficiency on the superconductive properties of grain-aligned YBa,Cu;0,_;
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Magnetically aligned samples of sintered YBa,Cu;O;_5 were used to test the effects of oxygen-
deficiency & (with 8 =0.2) on the superconductive magnetization M, critical current density J., irreversi-
bility field Bj,,, upper critical field H,,, coherence length &, condensation energy F., penetration depth A,
and related properties as a function of temperature T and applied field H||c. In selected cases, studies
were also made with H|lab. The O content was monitored in situ by thermogravimetric analysis. The
open porosity and granularity of the material allowed rapid and homogeneous oxygenation. We found
no significant enhancement of intragrain J. with chain-site O defects. With few exceptions, maximum J.
occurred at full oxygenation. This implies that chain-site O defects are not strong or effective pinning
centers over most of the field-temperature regime investigated. Except for T, which was practically in-
dependent of § within the interval 0 =6 <0.11 (so called “90-K T, plateau”), most properties such as J,
F., H,,, B (T), A, and £ were strongly and continuously influenced by the O deficiency. The observed
abnormal magnetization with H|lc was weak at low T but became more pronounced as T and & in-
creased. No abnormal magnetization was detected with H|lab. As oxygen was removed, B, (7) and
H_,(T) separated, and both lines shifted to lower T and lower B. Moreover, B;,, was strongly correlated
with J, at low temperature. Determination of the thermodynamic critical field H, yielded condensation
energies F.(8) that were well correlated with J.(8). The results indicate that O defects weaken the ener-
gy barrier of the existing pinning sites and have a negative overall effect on the capacity of YBa,Cu;0,_;

1 JUNE 1992-1

to carry loss-free currents.

1. INTRODUCTION

Detailed effects of oxygen composition on the super-
conducting magnetic properties of YBa,Cu;0, are still
not well understood due largely to the difficulty in con-
trolling and varying the oxygen content of single crystals.
Our purpose in this study was to investigate the proper-
ties of grain-aligned sintered samples of YBa,Cu;0,
(hereafter Y 1:2:3) whose oxygen content, defined as
x =7—2§, could be easily varied and whose overall prop-
erties highly resembled those of single crystals.! Using
standard experimental techniques and theoretical pro-
cedures, several magnetic superconductive properties
were thoroughly measured for different values of 8 within
the range 0=8 <0.2. This composition range is of great
practical significance since oxygen vacancies are always
present in dense bulk material. The 90-K plateau of T,
for small § is particularly interesting to examine because,
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while T, is nearly constant in this interval, other proper-
ties may be strongly affected. We were especially in-
terested in observing the ‘“‘anomalous magnetization”
phenomenon reported for Y 1:2:3 single crystals,2 i.e., the
presence of a “second peak” in the magnetization loop at
higher fields. This phenomenon has been attributed to
field-induced pinning at oxygen vacancies but its depen-
dence on oxygen deficiency has not yet been systematical-
ly studied. More importantly, there is no clear under-
standing of the role that § plays in the strength of preex-
isting pinning centers nor in the coupling between Cu-O
planes.®> A small oxygen deficiency may increase the pin-
ning in high quality single crystals,? but its effect in thin
films*~® and in randomly oriented polycrystalline materi-
al’ is just the opposite. In this context there are many
open questions, such as how are the condensation energy
and the irreversibility line affected by 8? The present
study provides answers to many of these questions and, in
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particular, it shows that the overall effect of increasing
oxygen deficiency is a monotonic decrease of J, from its
maximum value at full oxygenation. A simple, single-site
pinning model helps explain this behavior. Although the
“intrinsic” or “extrinsic” nature of some parameters is
still a matter of discussion, the present study constitutes a
significant contribution to these issues, of substantial
theoretical and technological implications.®

II. EXPERIMENTAL ASPECTS

The sample synthesis has been described elsewhere.! A
brief outline of the preparation technique is as follows.
Previously prepared Y 1:2:3 powder was suspended in a
solution of oleyl sarcosine and heptane and left to dry for
15 h in a 4-T magnetic field. The cake was removed from
a mold and heated in flowing O, at a rate of 60°C/h up to
840°C. At this temperature it was maintained for 2 h to
remove organic material. Portions of the cake were then
sintered in flowing O, at 980°C for 24 h and slow cooled
(100°C/h). After sintering, the pieces were sectioned
with a diamond impregnated wheel and a wire saw, using
ethanol or methanol as lubricants. Our sample was of cu-
bic shape, of approximate dimensions 0.3 X0.3X0.3 cm?,
with the aligning field perpendicular to one face. Most of
the Y 1:2:3 grains had their c axis aligned along the field
direction, as verified by an x-ray-diffraction rocking curve
FWHM of 7°. A small spot of silver epoxy indicated the
c-axis face of the sample. The material was relatively
porous; its bulk density was 5.0 g/cm?, i.e., 78% of the
theoretical x-ray density. The average grain radius was 7
pm and second phase impurities were negligible.

The oxygen content was systematically varied in situ
using a thermogravimetric analysis (TGA) system. Prior
to removing oxygen from the sample, a reference O con-
tent, x =7 (see below) was produced by first heating it to
500°C in pure oxygen at a rate of 10°C/min, then slowly
cooling it back to room temperature at 2°C/min. This
provided the reference weight for the fully oxygenated
sample from which changes in O content were calculated.
Apparent changes in weight due to buoyancy effects were
negligible. Prior to each subsequent modification of the
O content, the sample was brought back to full oxygena-
tion. The 100% oxygen atmosphere was then replaced
with 99% Ar-1% O, mixture while the sample remained
in the TGA system. The sample was heated to an ap-
propriate temperature’ between 370 and 470°C, allowed
to equilibrate overnight and then cooled rapidly to room
temperature (200°C/min), so that no significant change
in the O content occurred (less than 0.01 O atoms per
unit cell). The O content was calculated from the weight
difference at room temperature of the oxygen-depleted
sample and the O reference.

The heat treatment used to adjust the initial oxygen
content to 7.001+0.01 was determined using the careful
and thorough equilibrium data of Lindemer et al.’ Ac-
cording to this, the equilibrium oxygen content of Y 1:2:3
ceramic at an oxygen partial pressure of 1 atm is very
close to 7.00 for temperatures between 300 and 350°C
(6.997 and 6.992, respectively). Lindemer’s data are in
good agreement with several other studies cited in his pa-
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per, and are much more precise than we could determine
with our TGA apparatus by hydrogen reduction analysis,
for example.

With the above procedure, the oxygen content of our
sample was adjusted to 7.00, 6.89, 6.80, 7.00, 6.94, and
6.85, successively. These values were accurate to within
+0.01 oxygen atoms per unit cell, and remained stable
over several weeks of magnetic measurements, as indicat-
ed by the sample weight. The sample used in this study
had a mass of 160 mg, geometric volume 0.032 cm?, and
demagnetizing factor D =0.34(£0.01) as determined
from Meissner state measurements of magnetic moment
versus applied field, directed along the edge of the cubical
sample. (Strictly speaking, the concept of a scalar
demagnetizing factor is applicable only to ellipsoidal
samples with field applied parallel to a principal axis. We
use D primarily for treatment of low field data with small
or zero flux density in the sample. The value measured
for our cubical sample, 0. 34+0.01, coincides within ex-
perimental error with other measurements on a lead cube
in the Meissner state, and it plausibly agrees with the
value D =1 for a sphere.)

Using a vibrating sample magnetometer (VSM), a
SQUID magnetometer (Quantum Design MPMS), and an
alternating current magnetometer (ACM), the following
properties were measured or derived as functions of &:
critical temperature 7., magnetization M(H,T), critical
current density J.(H,T), critical fields H.(T), H,(T),
and H,,(T); irreversibility line B, .(T), condensation en-
ergy F,, coherence length £, penetration depth eigenval-
ues A, and A, anisotropy parameter ¥, and others. The
determinations are described in the following. Flux-creep
measurements are in progress and are planned to be re-
ported later.

III. EXPERIMENTAL RESULTS

A. Critical temperature T,

Figure 1 shows the finite-field susceptibility, defined as
—4mM(T)/H . (see below) as measured with the VSM in
a small applied field (H =10.8 Oe), with H||c in all cases.
The results correspond to five different oxygen contents:
x=7.00, 6.94, 6.89, 6.85, and 6.80. In the zero-field-
cooled (ZFC) study, the sample was cooled to 4.2 K with
H,,,=0, after which the magnetizing field was applied;
the resulting magnetization was measured as a function
of temperature as the sample was slowly warmed to
T>T,. For the field-cooled history (FC), the sample was
slowly cooled in the same applied field, during which the
Meissner signal was measured. The ZFC and the FC sig-
nals were corrected for demagnetizing effects. As readily
seen from the curves, the superconducting transition was
sharpest for x =7.00 and broadest for x =6.80. The rela-
tive width of the transition AT /T, increased with &
(where AT was defined as the temperature separation be-
tween the 10%- and the 90%-value of the magnetization
signal). The results are tabulated in Table I.

Zero-onset T, values, at which magnetic signals van-
ished, are shown in the inset of Fig. 1. They exhibit the
well-known plateau pattern'® with nearly constant T, at
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FIG. 1. Normalized dc magnetization —47M(T)/H vs
temperature of YBa,Cu;0, for zero-field-cooled (ZFC) and for
field-cooled (FC) history in a small applied field H||c =10.8 Oe.
Zero-onset (threshold) T, was nearly constant (“7. plateau”) for
the first three samples (as shown in the inset).

~90 K for 0=86=0.11, and decreasing T, for 6=0.11.
These VSM results agreed well with our ACM and
MPMS measurements as well as with other previously
published values.!! ™13

As an incidental further characterization of the materi-
als, information on the ‘“Meissner Fraction” is included
in Table I. In particular, the ratio r = —47Mgc/H,,, at
T =4.2 K is tabulated, with Mg (field-cooled magnetiza-
tion) based on the geometrical volume of the sample, as
discussed below. Alternatively, one can include an ap-
proximate correction for demagnetizing effects. Since the
effective field Hg=H,,, —4mDM depends on M, the ra-
tio'* between the FC and the ZFC susceptibilities at
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T=4.2 K, namely [—47M(0)/H4lpc/[ —47M(0)/
H.z]zrc, provides another measure of the Meissner state
response; this is also tabulated in Table I.

In this case of small fields (H~10 G) and surface
screening currents, the FC and ZFC magnetizations were
calculated as the induced-magnetic moment m (T') divid-
ed by the geometric volume of the samples. Consequent-
ly, no account was made for the porosity of the material.
Note, however, that in ZFC studies the entire geometri-
cal volume of the sample was screened by the induced-
surface currents. The sample with 6=0 did not com-
pletely expel the magnetic flux when field cooled, but
only a fraction of about 40%. This percentage decreased
to slightly above 20% for 6=0.11 and then increased
back to more than 40% for 6=0.2. Since the material
was polycrystalline and porous, intergrain as well as in-
tragrain properties were involved in the Meissner (FC)
response, resulting in a complex overall behavior. Al-
though the possibility of an effect on intergrain coupling
by oxygen content may exist, there are too many uncer-
tainties involved to draw a meaningful conclusion.

We turn now to the main subject of this paper, the in-
tragrain properties of Y 1:2:3 and their dependence on
oxygen deficiency 8. In all subsequent sections of this
study, the experiments were performed in magnetic fields
large enough to overcome completely intergrain cou-
pling. Hence the aligned composite acted effectively as
an array of independent single crystals.

B. Magnetic hysteresis

Magnetic hysteresis loops M(H) in applied magnetic
fields up to 6.5 T were measured in the VSM at fixed tem-
peratures ranging from 4.2 to 70 K. In this and all fol-
lowing sections, the magnetization M(T) refers to the
measured magnetic moment m(T) divided by the volume
of superconductor as calculated from the sample mass
and the theoretical density of 6.38 gm/cm?®. Typical re-
sults are shown in Figs. 2(a) and 2(b), corresponding to
T=4.2 K and T=30 K, respectively, for various oxygen
contents. Fields parallel to the ¢ axis were applied at a
sweeping rate of 108 G/s. Only “dynamic” values of the
magnetization were recorded. This sweep rate for the
magnetic field corresponds to imposing an internal elec-
tric field of approximately 107°~107!° V/cm within a

TABLE I. Magnetically aligned YBa,Cu;0,, critical temperature, and Meissner fraction for various

oxygen contents® (with H,,, ||c =10.8 Oe).

Oxygen content x
Zero-onset T, (K)
10%-onset T, (K)
Transition width AT
(10-90 %) (K)
r=—4rMgc(0)/H,,, (%)
[—47M(0)/H g ]pc/[ —47M(0)/H )zrc
(%)

7.00 6.94 6.89 6.85 6.80
90.7 91.0 90.2 84.7 73.5
89.7 90.3 87.9 80.4 68.2

6.8 10.0 16.7 24.8 25.7
44 32 24 33 47
40 30 22 31 41

*Values of x are accurate to within +0.01 atoms/cell; temperature measurements are accurate to within
+0.1 K. Uncertainties in the magnetization and magnetic field determinations are typically of the or-

der of £2-5%.
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FIG. 2. Magnetic hysteresis loops of YBa,Cu;0, in applied
fields H~0.3~6.5 T, with H|c and H large enough to fully
penetrate the Y 1:2:3 crystallites. (a) At T=4.2 K, M decreased
monotonically with H. (b) At higher temperatures, anomalous
magnetization (increasing M with increasing H) was observed
(“abnormal” effect).

crystallite, which is much lower than the typical criterion
of 107° V/cm employed in transport studies. When the
field sweep was halted periodically for about 20 s, the
magnetization relaxed toward a “quasistatic” value due
to flux creep, varying approximately logarithmically with
time. (Recent studies on single crystals of Y 1:2:3 have
revealed, however, significant departures from a truly
logarithmic time dependence.!’) Studies of flux creep as a
function of oxygen deficiency will be reported elsewhere.
At low temperature (7 <10 K), the hysteresis curves
appeared ‘“normal,” i.e., the magnetization signal de-
creased monotonically with increasing applied field, ex-
cept for the least oxygenated sample (x =6.80), which
presented faint signs of “anomalous magnetization” or
“abnormal” behavior.? At fields higher than one Tesla
(H =1 T), the magnetization M was practically indepen-
dent of H for both increasing and decreasing field history.
Most importantly, the hysteretic M (H) decreased
significantly as oxygen was removed; indeed, for all
values of field recorded, the maximum magnetization oc-
curred at full oxygenation (x =7.00), falling by a factor
of 2 at x =6.89, and more than a factor of 4 at x =6. 80.
As the temperature increased, the hysteresis decreased
as expected, but the shape of the curves changed dramati-
cally. At T=30 K [Fig. 2(b)] the absolute magnetiza-
tions decreased by one order of magnitude from the
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values at 4.2 K. Furthermore, all five curves exhibited
the typical “abnormal” effect, i.e., increasing magnetiza-
tion with increasing field within a certain field interval.
An enhancement of M(T) with increasing field (‘“anoma-
lous magnetization™) has also been observed in Y 1:2:3
single crystals,” but its quantitative dependence on oxy-
gen content has not been well established. Concerning
our grain-aligned samples, with H applied parallel to the
¢ axis, the “anomaly” became clearly more pronounced
(in relative terms) as T and 8 increased. While the
phenomenon may also occur with H perpendicular to the
c axis, no “fishtail” was observed in our study with H||ab.

C. Critical current density J,

Figures 3(a), 3(b), and 3(c) show the intragrain critical
current densities J.(H) of the differently oxygenated sam-
ples for H||c at three fixed temperatures of 4.2, 40, and 60
K, respectively, for fields up to 6.5 T. They were deter-
mined from the magnetization curves using the Bean
model'®~ 1814 for spherical grains:

10 v -
a) T=42K e x=700
sl = 694 1
H//c A 689
v 6.85
. 6.80 )

Je (MA/cm?2)
o

Je (kA/0m2)

60 80

40
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FIG. 3. Intragrain critical current density J, vs applied field
H for various oxygen compositions. (a) At T=4.2 K, no J.
maxima were observed. Maximum J, occurred at full oxygena-
tion. (b) At T=40 K, J, was one order of magnitude lower
than in (a) but secondary maxima were observed (indicated by
the arrows). (c) The maxima became more pronounced as T and
8 increased.
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J.=16.9AM /R , (1)

where J, is in A/cm?, R(cm) = average grain radius,’
and AM(G)=(M ~—M ") = width of the hysteresis loop
for increasing (M 1) and decreasing (M ~) field history.
The actual grain morphology has been described in Ref.
1, and consists of platelike crystallites, whose average
grain size was determined from optical micrographs.
Since the same Y 1:2:3 specimen was used for all mea-
surements, the relative features observed in M, J,, etc.,
are independent of grain size, dispersion of grain size, and
detailed morphology.

At 4.2 K [Fig. 3(a)] the J,(H) curves appeared “nor-
mal,” i.e., they exhibited a monotonic decrease of J, with
H. Also, the highest J. occurred at full oxygenation for
all values of field measured. At this temperature, lower
oxygen content clearly depressed the current-carrying
capacity of the sample, having a negative impact on the
pinning force density. The overall effect of higher oxygen
deficiency was a monotonic decrease of J, throughout the
entire field range. This finding is fully in agreement with
recent studies of oxygen vacancy effects on the flux pin-
ning in high-J, epitaxial thin films,* ¢ as well as in ran-
domly oriented polycrystals.” However, it seems to con-
tradict the proposition? that oxygen defects in Y 1:2:3
crystals act as significant pinning centers (for a discussion
on this point, see Sec. IV).

At higher temperatures (up to 70 K), the critical
current density J.(T) decreased with T as expected.
However, the anomalous magnetization mentioned above
gave rise to a nonmonotonic decay of J, with H; instead
of only one J. peak (at H=0) a secondary peak emerged
at higher field values. The position of this secondary
peak (or “maxima”) was highly dependent on oxygen
deficiency and temperature. For example, at T=40 K
[Fig. 3(b)] the fully oxygenated sample (x =7.0) reached
a secondary peak of J,. at about 65 kG, while the less oxy-
genated sample (x =6.8) had a secondary peak at about 5
kG.

Another interesting feature of the J, diagrams (with
H)||c) at high temperatures is the crossing over the x =7.0
by the x=6.94 curve in the vicinity of H=1.5 T.
Indeed, at T=60 K [Fig. 3(c)] we found a slight enhance-
ment of J,(6.94) over J,.(7.0) in a field interval between 1

4
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— m T=10K
a3 A T=20K
g v T=30K
L L . & T=40K
I 2
o T ]
N o1ty A ~
L o . A *
0 * 4

0.00 0.04 0.08 012 016 0.20

Oxygen deficiency &
FIG. 4. J. at H=6.5 T and fixed T (with H]|c) decayed

linearly with 8 at all temperatures, indicating a weakening of
the pinning strength as oxygen was removed from the sample.
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FIG. 5. The field position of the J. maxima decreased nearly
exponentially with increasing oxygen vacancies, as illustrated at
three different temperatures.

and 2 T. This enhancement was more pronounced (in rel-
ative terms) at =70 K, reaching a maximum of about
12% over the fully oxygenated sample, although the field
interval of overlap was somewhat smaller.

The variation of J, with § at H=6.5 T (with Hj|c) is
shown in Fig. 4 for several temperatures between 4.2 and
40 K. It is seen that J. decayed almost linearly with § at
all temperatures, being largest at full oxygenation. Un-
like the transition temperature 7., no ‘“plateau” was
found for J,(8).

The field positions of the J, maxima observed in the
different samples at various temperatures are shown in
Fig. 5, with H||c in all cases. They shifted down as T in-
creased; also, their 8 dependence was well described by a
negative exponential fit.

D. Irreversibility line B (T)

A quick review of Fig. 3 indicates that, independent of
temperature, the irreversibility point B;, (where J, van-
ishes) shifted to lower fields as oxygen was removed. This
feature is corroborated in Fig. 6(a), which shows ac-
response studies of the irreversibility lines B, (7) in
terms of the reduced temperature t=7T/T,. In this
work, a field H=H 4, +H, was applied along the ¢ axis.
The small ac-field amplitude H,.~10 G (frequency = 39
Hz) was chosen to produce a detectable “switching tran-
sient” response of the superconductor as the induced su-
percurrent reversed in direction of circulation. The ir-
reversibility threshold was defined by the vanishing of the
inductive transient voltage generated when the ac field
switches M from the lower to the upper branch of the
magnetization hysteresis loop. The transient voltage van-
ished, corresponding to J. =0, when the dc field or tem-
perature reached the irreversibility line from the hysteret-
ic side. (This inductive technique differs somewhat from
that often employed at higher frequencies, in which a
very small amplitude ac field is used to map out the peak
in ac loss that occurs near the irreversibility line.) Figure
6(a) indicates that the irreversibility line shifted down to
lower field values as oxygen was removed from the ma-
terial. The experimental data were fitted with a power
law of the form
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FIG. 6. (a) Irreversibility lines in terms of reduced tempera-
ture ¢: the lines shift down as oxygen content decreases; note
that the three highest curves belong to samples with the same
T, value. (b) The irreversibility lines in two field orientations
show for two samples a crossing of the lines at a field of about 1
Tesla. Solid curves are best fits to a power law B;, =B§ (1—t)",
with n=~1.7 for H||c and n =2.5 for H||ab.

B,,=B(1—T/T,)". (2)

The best fits yielded n =1.70(£0.05) for all oxygen com-
positions. Using regression analysis, the parameter B
was determined for each oxygen content and found to be
strongly correlated with J.. This striking correlation is
treated in more detail in Sec. IV.

The depression of the irreversibility line brought about
by chain-site oxygen defects is more than just an effect of
T,. In particular, the three highest curves (x =7.0, 6.94,
6.89) in Fig. 6(a) belong to samples with nearly the same
T, value. This result implies that the low-frequency ir-
reversibility line cannot be considered as an “intrinsic”
property of Y 1:2:3 (see Discussion, Sec. IV C). Accord-
ing to our measurements, the addition of chain-site oxy-
gen defects lowers the irreversibility line, reduces the hys-
teretic region, enlarges the reversible (“vortex-fluid,”
“lattice-melted”) region in the B-t plane, and overall
hinders the capacity of Y 1:2:3 to carry intragrain loss-
free currents at high fields and temperatures.

A very interesting feature of the irreversibility line is
its anisotropy. Using the ACM in identical conditions,
we measured B; . (T) with H|c and H||ab. The results for
two different oxygen contents are depicted in Fig. 6(b).
The fitted lines correspond to Eq. (2) with exponent
n=~1.7 for H||c and n=2.5 for H|lab. In both cases in-
vestigated, B; .(H||lab) was larger and exhibited a steeper
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slope than B, (H||c) for field values above a crossing
point of about 1 T, while the opposite was true for low-
field values (in good agreement with recent low-field mea-
surements in YBCO single crystals®).

E. Upper critical field H,,(T)

To establish the influence of oxygen deficiency on the
upper critical field H,,(T') was a crucial task in our study
since several significant results follow from it. We ap-
proached the problem in two ways: first, we analyzed
temperature-dependent magnetization data M (T) using
the linear extrapolation techniques of Welp et al.;?!
second, we followed the more analytical and complex
procedure proposed recently by Hao et al.?2 In the fol-
lowing we report the results of both analyses and indicate
similarities and differences.

The first estimates of the upper critical field of our
sample for various oxygen compositions were derived
from M(T) measurements carried out with the SQUID
magnetometer (for ZFC as well as FC history) at several
fixed values of H in the reversible regime. Measurements
were made over a temperature range from a few degrees
below T, to well above T, in order to obtain the normal-
state background. Following Welp et al.,’! we employed
a “linear analysis” to determine a nucleation temperature
T,(H) as the intercept of a linear extrapolation of the re-
versible magnetization in the superconducting state with
the normal-state base line. The resulting H_,(T) lines for
various oxygen contents are shown in Fig. 7(a). Note
that the H_,(T) lines are linear (as predicted by the
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x =6.80 6.85 6.89 6.94
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FIG. 7. H,, lines near T, of YBa,Cu;0, as determined from
the linear analysis (a) and from the full analysis (b). Note that
the two sets of points cover a different field range. Solid lines
represent linear regressions fits to the data. Close to the hor-

izontal axis, there are nonlinear “tails.”” Symbols on the temper-
ature axis indicate zero-onset T, values.
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Ginzburg-Landau theory), except close to T=T,, where
there are nonlinear tails that have been attributed to di-
amagnetic fluctuations and sample inhomogeneities.
Linear extrapolations of the H_, lines intersect the hor-
izontal axis a few degrees below the zero-onset T, values
of Table I, and closer to the 10%-onset T,.. The tempera-
ture difference increased as oxygen was removed. This
same phenomenon was observed in the determination of
the London penetration depth, as described below.
According to Werthamer, Helfand, and Hohenbcrg,23
the upper critical field H,, extrapolated to T=0 is pro-
portional to the slope dH_,/dT near T, and is given by

Hc2
dT

H,,(0)=0.7T, - (3)

c

Applying this expression to the linear portion of the
data for fields in the interval between 1 and 5 T (for tem-
peratures above the irreversibility lines) provided first es-
timates of the upper critical fields H,, at T=0, as a func-
tion of 8. The results are plotted in Fig. 8(a) (denoted
“linear analysis™) and tabulated in Table II. These esti-
mates suggest that chain-site oxygen defects did not affect
H_,(0) significantly for § <0.11. With more oxygen de-
fects, H_,(0) decreased rapidly.

The coherence lengths at T=0 were obtained from
H_,(0) using the Ginzburg-Landau relationship:

HCZZ(DO/(Z?Té',é’J) ’ (4)

where 7 and j denote two orthogonal unit vectors perpen-
dicular to the applied field (which is assumed to lie along
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a principal axis). In the array of twinned crystals, we
treated the system as uniaxial and ignored anisotropy
within the basal a-b plane. Then, with H||c, we have

H,=®,/2m(£,, ) with £, =£,=E, . (5)

The calculated values for £,, at T=0 are given in
Table II (“linear analysis”). The value for the coherence
length at full oxygenation (=16 A) agrees well with re-
sults reported by other researchers.?’?? The value of
£, (0) was nearly constant for §<0.11 and increased
significantly to about 25 A for §=0.2. This “plateau’-
like behavior mirrored the H,(0) findings of the linear
analysis, of course.

Proceeding further with this technique, we investigated
H_, anisotropy. With H||lab, the M(T,H) signal in the
superconducting state was about one order of magnitude
smaller than with H|lc. Consequently, the slopes
dM(H)/dT near T, were much more difficult to deter-
mine accurately and the values of T,.(H) were somewhat
ill defined. Nevertheless, a rough estimate of
—6.6(£0.8) T/K for (dHCz/aVT):TC [as compared with

—1.3(£0.04) T /K for H||c] was obtained for one sample
(x =6.85). The corresponding upper critical field H,,(0)
was close to 400 T, which is roughly five times greater
than the H ||c estimate of 77 T. A more accurate measure
of anisotropy using penetration depth eigenvalues is re-
ported below.

The statistical uncertainty in H_,(0) associated with
determinations of the slope dH,.,/dT was approximately
10%, corresponding to an uncertainty of ~5% in §. Of

TABLE II. Magnetically aligned YBa,Cu,0,, characteristic fields, lengths, and parameters (with
H||c). The oxygen content x is accurate to within +0.01 atom/cell; temperature measurements are ac-
curate to within 0.1 K. The statistical uncertainties in H,,, dH,.,/dT, and H,, are typically about
10-12 % while those in H, are 3-5 %. The best fitting « is defined to within 5-10 %. The uncertain-
ties in §,;, and in A,, are about ~5%, and in F, about ~8%.

Oxygen content x 7.00 6.94 6.89 6.85 6.80
Linear analysis:
H_,(0) (T) 125 140 130 77 56
(dH,,/dT).7 (T/K) —-2.0 —2.2 —2.1 -1.3 —1.1
£.5(0) (A) 16.4 15.8 20.6 24.5
Full analysis:
H.,(0) (T) 140 115 90 54 32
(dH.,/dT).r (T/K) —22 —1.8 —1.4 —0.9 —0.6
£45(0) (A) 15.4 19.1 25.0 32.3
Best fitting (k)~r_ 77 78 84 72 66
H.(0) kG) 10.7 ) 6.5 4.7 3.0
F.(0) J/cm?) 0.45 0.33 0.17 0.09 0.04
H_.,(0) (G) 370 320 210 180 120
Aep(0) (nm) 140 150 190 200 240
T.y (K) 89.7 91.2 88.9 81.3 71.5
M ~In(H) analysis:
Aap(0) (nm) 160 170 230
T, (K) 90.5 90.6 78.7
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FIG. 8. (a) H,, values as a function of § extrapolated to
T=0: the linear analysis suggests an “H_, plateau” for § <0.11
but the full analysis gives a continuous decrease with 8. (b) The
condensation energy F, at T=0, as derived from the full
analysis, shows a significant decay with 8. (c) Penetration depth
eigenvalues A,, calculated by two different techniques, increase
steadily with 8. Error bars are of a size comparable to the sym-
bols.

greater concern is the fact that this type of analysis is not
consistent with the Ginzburg-Landau theory upon which
it is based, as discussed in the next section. There we em-
ploy a recent theoretical analysis,?? that is consistent with
GL theory; the treatment is more numerical and less in-
tuitive than that of Welp et al., but much more reliable,
in our opinion.

F. Thermodynamic critical field H,
and derived properties

Hao et al.?? pointed out that much of the experimental
magnetization data correspond to fields H far below
H_,(T) and thus are not adequately described by the usu-
al linear relation between M and H near H, ,(T) which
follows from Ginzburg-Landau theory.?* Moreover, the
observed field dependence in the slopes dM /dT (Ref. 21
and this work) confirms that the linearity between M and
H is not a correct assumption. Consequently, a more
complete theoretical treatment needs to be used. Follow-
ing this line of thought, the experimental measurements
discussed in the previous paragraph were reanalyzed ac-
cording to the full theoretical analysis proposed by these
authors.
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Using the theoretical relationship of Hao et al.?? that
relates H to B by accounting for the kinetic-energy and
the condensation-energy terms arising from the suppres-
sion of the order parameter in vortex cores (neglected in
the usual London model), the diamagnetism M(T,H ) can
be calculated numerically and fitted to the experimental
data. From the fitting procedure, two significant proper-
ties are determined, namely, the Ginzburg-Landau pa-
rameter k(T)=A/£ and the thermodynamic critical field
H.(T). The product of these two gives
H,(T)=V2x(T)H,(T). Also MT), &T), and H,(T)
can be obtained.

The fitting procedure, however, is not simple. For a
fixed value of T within the reversible regime, the experi-
mental values —47M; /H; have to be compared with the
theoretical ratio —47M'/H’' (where M' and H' are di-
mensionless quantities) as obtained from the simultane-
ous solution of Egs. (20) and (21) of Ref. 22, with
B'=H'+47M' and « as adjustable parameters. Primes
denote dimensionless units in which fields are measured
in units of V2 H,(T). The subindex i denotes values in
different fields with T fixed. For each value of «, there
will be one solution B’. From this, M' and H' are de-
rived. The unit of magnetic field is determined from
V2H,(T)=H;/H'=M;/M’'. This has to be done for
each data point i. If the value chosen for « is not “right,”
the resulting values for H_;(T) will not be constant (as
they should be, since T is fixed). The best k gives the
minimum variance in the set of values for H,(T). Figure
9 illustrates for one sample (x =6.89) the good agree-
ment between magnetization data (symbols) and the
theoretical model of Hao et al. (solid line) in the reduced
(dimensionless) M'-H' plane for one value of the parame-
ter k. Unfortunately, this fitting technique is not very
sensitive to k, as variations of 5—10 % in the estimate of k
produces a smaller effect (about half as much) on the
thermodynamic critical field value H.(T). Although
H.(T) turns out to be relatively well defined (within
3-5 %), k values are less sharply defined (typically within
5-10%). This fact introduces an uncertainty of 8—15 %
in the estimates of the upper critical field H_,(T).

In this analysis, another problem is an appropriate
choice of the temperature range, which must be not too
far below T, since the system must be reversible, but not

0.016
x =6.89 oD T-80K
o 81 K
0.012 a 83K
X 85K
— theory with:
0.008
K =87
0.004
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& o000

0 10 20 30 40 50 60 70 80 S0
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FIG. 9. Nearly perfect agreement between the magnetization
data and the theoretical model of Hao et al. (Ref. 22) for k=87
in the x =6.89 sample.
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too close to T, either, where the Ginzburg-Landau
mean-field theory becomes invalid. Near T, x should be
constant, but in practice the “best” k values increase with
temperature, accelerating upward and reaching apparent
values of 150 or 200 in the fluctuation region near T,.
Therefore, the most suitable temperature range should be
that for which the parameter k shows the smallest tem-
perature dependence.

Once the temperature-dependent values for H,(T)
were determined for each composition (in the H ||c orien-
tation), the values H_.(0,8) at T=0 were obtained by a
fitting process, using the BCS temperature dependence?
of H.(T). On the other hand, the H_,(T) lines near T,
were constructed from H.(T) and «; they are shown in
Fig. 7(b) (denoted ‘“‘full analysis”). Their extrapolations
to zero field intersect the horizontal axis at the values la-
beled T, H,» 28 tabulated in Table II. Finally, since the T

dependence of k was not known, we obtained the H ,(0)
values of each sample by WHH extrapolation using Eq.
(3). The different extrapolation criteria for H, and H,,
are consistent with the fact that the Ginzburg-Landau
parameter k is temperature dependent.?® The results are
given in Table II and plotted in Fig. 8(a) (“full analysis”).
Unlike the results from the linear analysis, both H_(0)
and H_,(0) decreased monotonically as the material be-
came less oxygenated; there was no ‘plateau” in the &
dependency. The magnitudes of the upper critical fields
calculated from the full analysis were lower (except for
the x =7.00 sample) than the estimates from linear extra-
polation techniques. The corresponding coherence
lengths &,,(0) are also tabulated in Table II.

The above determination of the thermodynamic criti-
cal field H, allowed us to evaluate the condensation ener-
gy density F,=H? /8 for various oxygen constants. To
avoid temperature effects, we restricted ourselves to
(T'=0) values. We found that F_(0) strongly decreased
with increasing oxygen deficiency, in a manner that high-
ly resembled the behavior of J. [Fig. 8(b)]. Finally the
derived quantities £,,(0) and H,,(0) were readily calcu-
lated from «(0), H.(0), and H_,(0), and are tabulated in
Table II.

G. London penetration depth A ¢

To characterize further the influence of oxygen
deficiency on the properties of Y 1:2:3 superconductor,
we determined the magnetic penetration depth A at T=0
of the samples in two alternative ways: (1) using the al-
ready established results (as obtained from the full
analysis) for H.(0) and &,,(0) via

AM0)=o/[2V2 7H,(0)E,,(0)] 6)

and (2) following the theoretical analysis of Kogan
et al.*’ which provides a linear relation between M and
In(H) in the intermediate field region of the reversible
magnetization curves near 7,. In particular, the London
penetration depth A { T) with H||c was measured for the
x =7.00, 6.94, and 6.85 compositions following Kogan’s
technique. Then, A {0) was obtained by fitting BCS-
clean limit theory to the experimental values. We also
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measured A.g(0) with H|ab for the x =6.94 and 6.85

samples, in order to evaluate the anisotropy parameter
yzzmc /m,, as described below.

According to Kogan et al.?’

dM

2
327 (nH)

[xeﬂxr)]2=¢0/ . ™

This relation is valid in the field range H., <<H <<H,
when the magnetization is reversible, and applies to uni-
axial materials. As before, we ignore any anisotropy
within the basal a-b plane.

Figure 10 shows M plotted versus InH for three oxygen
compositions, where M is the net, reversible magnetiza-
tion corrected for background. Linear regression lines
were fitted to the data to obtain the logarithmic slope
dM /d(InH) and the effective penetration depth A (T)
using Eq. (7).

For comparison purposes we were interested in A at
T=0. To find it, we determined first the magnetic transi-
tion temperature T, , at which A4 diverges, or 1/A . ex-
trapolates to zero. Near T,, Ginzburg-Landau theory

0
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FIG. 10. Magnetization data for three oxygen compositions
show a good linear relation with In(H) in the reversible region
near T, as predicted by the theoretical model of Kogan et al.
(Ref. 27). Linear regression fits (solid lines) yield the effective
penetration depths as functions of 7.
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provides a linear relation between (1/A.q)* and (T, —T).
We obtained values for T, , by extrapolating such a
linear plot to the point that (1/A.4)?=0. Then we fitted
BCS-clean limit theory for [A(0)/A(f)]* to the experi-
mental values of [1/A.(?)]? as indicated in Fig. 11 for
one sample (x =6.94) and two orientations. Previous
work?® 73! has shown that this theory provides a good
description of the temperature dependence of A in many
families of high-T, superconductors. With T, ; already
established, the only fitting parameter left was A 0).
Results are reported in Table II and plotted in Fig. 8(c)
for comparison with values obtained from the full
analysis. The latter values for A were consistently (about
12%) lower than those from the M ~InH analysis. This
difference was predicted and shown by Hao and Clem?*
to arise from a neglect of vortex core contributions to the
free energy in the mixed state. Since the values obtained
from both analyses were nearly proportional, they fol-
lowed a similar pattern with respect to oxygen deficiency:
as 6 decreased, A(8) also increased.

Before proceeding, it is worth mentioning that the
magnetic transition temperatures T, ; of the samples [as
obtained from the M ~InH analysis where (1/A.4)?—0]
agreed well with the 10%-onset values for T, as listed in
Table I. In some cases of sharp transition, e.g., x =7.00
and 6.94, they also coincide well with the zero-onset
value. However, in the case of the 6.85-sample
(6=0.15), the value of T, ; (for H ||c as well as for H||ab)
was about 5 K less than the zero-onset value of 84.7 K.
It appears that the following set of transition tempera-
tures is consistent to within +1-2 K for any given com-
position: (1) 10%-onset T, in low field; (2) T, , as ob-
tained from the M ~InH analysis; and 3) T, _from ex-

trapolation of H.(T) or H(T) to zero field in the full
analysis.

Indeed the experimental curve (1/A.)” versus T for
the 6.85-sample showed clear departure from the
Ginzburg-Landau linear relation close to T,,. This behav-
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FIG. 11. Fitting of the BCS-clean limit theory to [1/A#)]%
where t =T /T, ,, allows an evaluation of the effective penetra-
tion depths at T7=0. The full BCS extrapolation to =0 is
shown in the inset, for the sample with x =6.94 in two orienta-
tions.
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ior, which was connected with the fact that this sample
had a much broader superconducting transition as com-
pared with the two previous ones, suggests that the nar-
row temperature domain Tg; < T <T, where the mean-
field theory is no longer valid, may increase with the oxy-
gen deficiency. Moreover, very near to T, some depar-
ture from the theory is expected since the application of
large fields in the A determination violates the assumption
that H << H_,. These factors, together with sample inho-
mogeneities and diamagnetic fluctuations, explain the ob-
served tails on the transition.

H. Penetration depth eigenvalues and
anisotropy parameter y

In uniaxial materials the penetration depth is a tensor
with two independent eigenvalues denoted by A, and A..
We define A; as depth of field penetration screened by su-
percurrent flow in the ith direction. In Kogan’s formal-
ism,?”3! A, and A, are related to the effective penetra-
tion depths for H||c and H ||ab according to the following
relations:

AglH|[e)=Ag» A H||ab)=V KA, . (8)

Using the M ~InH analysis with a BCS clean-limit
temperature dependence for A(T) as already described,
we determined A (0) with H||ab for the samples x =6.94
and x =6.85, obtaining 383 and 532 nm, respectively.
Combining these results with values for A ,(0) (obtained
from studies with H||c) gives A.(0) values of 853 and
1210 nm, respectively. The anisotropy parameter is then
y=MA_./Ag, which is related to the components of the
normalized mass tensor m; (with i =1, 3) as follows:

-3_,,32
1

yi=my/m;=m{3=m3? with mim;=1. 9)

From the A eigenvalues we found y=4.96 for the
x =6.94 sample and y=5.17 for the x =6.85 sample.
The similarity of these results suggests that the intrinsic
superconducting mass anisotropy of Y 1:2:3 was not
significantly affected by oxygen deficiency.

This analysis yielded an effective mass ratio m;/m;
near 25. However, this finding is depressed somewhat
from the “true” value due to misalignments of some crys-
tallites in our sample. Indeed, the x-ray rocking curve
possessed a full-width at half maximum (FWHM) of 7°.
So, the magnetization M actually measured contained
contributions of crystallites whose ¢ axes were distributed
in a cone of about 7° width about the field direction.
With H||c, the angularly averaged M is slightly smaller
than ideal, while with H||ab it is greater than ideal. The
influence of misalignment is more severe for the latter
case.

Using the angular dependence,?’ and assuming the dis-
tribution of orientations to be either Gaussian or
Lorentzian, we calculated the mean-parallel magnetiza-
tion relative to its value for perfect alignment, M, /M,.
This correction increased ¢ from 5.0 to 5.4 if a Gaussian
distribution was assumed, and to 8 if a Lorentzian distri-
bution was assumed. Since the x-ray rocking curve was
more nearly Gaussian, we conclude that the “true’ value
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of effective mass ratio m;/m for these Y 1:2:3 samples
lies near 30 (instead of 25), in good agreement with re-
sults reported by other workers.?!"3!

It is worth mentioning here that the full analysis was
used to study H|lab magnetization versus field data on
one sample (x =6.85), following identical procedure as
with H ||c orientation. According to the analysis, the ad-
ditional (and legitimate) condition that F.(0) be the same
in both cases could be fulfilled only if k,, =400

(as compared with kp . ~72). Since k=H.,/V2H, and
H_ does not change, the ratio of the two «’s gives the an-
isotropy parameter y =§,,/£,.~5.6, corroborating our
previous finding.

IV. DISCUSSION

Overall, the experimental data were reproducible and
internally consistent. Most of the measurements were
done in a high dc magnetic field, which thoroughly
decouples the relatively weak intergrain connectivity of
the polycrystalline sample. The results exhibit a smooth
variation with oxygen content, and excellent agreement
at full oxygenation with accepted findings on single crys-
tals and aligned material. Therefore we are confident of
the overall validity of the present results. Many ques-
tions remain open for discussion and additional questions
arise. We will address some of them here.

A. Secondary maxima of J,

The origin of the J, maxima in Y 1:2:3 crystals has
been attributed to oxygen inhomogeneities and internal
granularity.? It is remarkable therefore that our fully ox-
ygenated sample (x =7.00) still shows anomalous magne-
tization at high temperatures. This may be due to residu-
al oxygen inhomogeneities or to impurities in the materi-
al, rendering the sample ‘“‘granular,” with regions of
depressed T, and H_,. According to this interpretation,
at low fields all regions are superconductive and J, is due
to the usual crystal defects. As H exceeds the upper criti-
cal field of the depressed regions, these are driven normal
and become additional pinning sites, with the consequent
increase in J,. Secondary maxima of J. occur when all
depressed regions are driven normal. At higher fields,
the decline of J, with H reflects the usual and expected
weakening of the pinning strength, with all the pinning
sites active. No anomaly is observed in the magnetic hys-
teresis with H||ab, as reported above, because the upper
critical fields of the depressed regions with H|jab are
perhaps too high, out of the observation range. In this
orientation, strong “intrinsic” pinning*® by the layered
structure also inhibits vortex motion in a direction nor-
mal to the CuO layers.

The downward shift in the positions of the J, maxima
with 8 (Fig. 5) can be understood in this model in the fol-
lowing way: the removal of oxygen debilitates not only
the superconducting matrix but also reduces 7, and H,
of the depressed regions. Hence, the field value at which
all depressed regions are driven normal decreases, and
the positions of the J. maxima shift down.

There was in our findings no evidence of steep fall in
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the magnetic hysteresis for fields beyond the maxima,
which has been suggested as indicative of O-deficient re-
gions linking up at higher fields and inducing intragrain
granularity in single crystals.> Apparently, in bulk sam-
ples, this assumption is not needed. The effect of residual
oxygen inhomogeneities might be tested in future experi-
ments, if magnetically aligned samples with known aver-
age O content but inhomogeneous oxygenation could be
reproducibly formed.

B. Pinning model for J.

Let us assume a simple single site, pinning model (with
Hilc and B= flux density) in which the pinning force
density F, =J.B can be computed as the gradient of the
pinning energy (related to the condensation energy) per
vortex bundle (—VF,,) divided by the volume per bundle
Vg

F,=—n|VF,4|/V, , (10)

where 7 < 1 is a numeric factor accounting for incomplete
suppression of the order parameter at the pinning site
and similar other deviations from the optimal case.

If the vortices are widely spaced, so that the average
separation between them (or two-dimensional fluxon lat-
tice constant “a”) is larger than the average transverse
separation ‘‘d” of pinning centers, the volume per bundle
is V¢=7a2 (where 7 is the lesser of the sample thickness
or a longitudinal correlation length). Approximating
VF,, by F./§,,, the above expression becomes then

J.B=nF (ml&%) /(ETa?) . (11)

Here [ is the length of the bundle actually pinned ( =&, ).
Since B=¢,/a’ (with ¢,= flux quantum), one gets sim-
ply for J, the model relation

Jc:nchab(Tl/T¢0) . (12)

If instead the vortices are tightly packed, the average
separation between flux bundles is given essentially by the
average transverse separation between pinning sites;
hence, the volume per bundle is Vd,=7-d2 and the expres-
sion for J, becomes

J, =nF.&, (7l /BTd?) . (13)

In either case we expect a linear relation between J,.(0)
and the product F_£,, evaluated at T=0. Here we have
assumed that the number density of effective pinning sites
(and therefore d) is not changed by variations of oxygen
content, which is consistent with the idea that preexisting
pins are developed during solid-state reaction and initial
synthesis. If then the dominant effect of oxygen depletion
is to change F, and &,,, we should find that J_(0,8) varies
linearly with the product F,(8)€,,(8). This relationship
is plotted in Fig. 12, which shows a convincing propor-
tionality between the two quantities and supports the
essential validity of the above model.

Previous experiments on single crystals? reported in-
creased pinning for less oxygenated sample. This finding
can be reconciled with the above model since in high
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FIG. 12. The critical current density J. and the irreversibili-
ty field By are directly related to the product F,(0)&,,(0), as
predicted by the simple pinning model discussed in the text.
The resulting correlation between J, and B¢ is shown in the in-
set.

quality single crystals the preexisting flux pinning is
much weaker than in sintered material, so that a
significant increase in the number of weak, oxygen-
vacancy pins may offset the macroscopic electronic
effects of oxygen deficiency on the pinning strength.

As noted earlier, the irreversibility field B, , extrapo-
lated to T=0, is well correlated with the critical current
density at low temperature. This is illustrated in the inset
to Fig. 12, which plots B§ versus J, at 4.2 K in a field of
6.5 T. In this range, J, is nearly independent of field and
temperature and gives an experimental measure of the to-
tal pinning, with minimal influence of thermally activated
flux creep. The correlation is quite evident.

Even more convincing is the direct, linear dependence
of B§ on the model parameter F,(0)&,,(0), shown also in
Fig. 12. This provides clear evidence that the irreversi-
bility line (and J,) depends on the pinning strength,
which was modified via the oxygen content x.

C. Irreversibility line and “depinning”

The striking correlation of B§ with the pinning param-
eter F,(0)&,,(0) for all five oxygen compositions investi-
gated (linear correlation coefficient p?>=0.995) allowed us
to normalize the irreversibility field by this parameter
and plot the irreversibility lines in the b-t plane, where
b=B, (1) /F.(0)§,,(0) is the normalized field and ¢ is the
reduced temperature T /T, H, - All five curves collapsed

well into one “‘universal” curve, as illustrated in Fig. 13.
The best scaling of temperature was obtained with the
values T, ; instead of T,. It is clear, then, that the ap-

propriate 7, parameter in this case is not the zero-onset
value but the extrapolated value of T, as obtained from
the H_, full analysis. The different choice of T, did not
affect the above correlation of B§ and F,(0),,(0) since
neither was modified.

We also tested the proposition of Guimpel et al.* that
the irreversibility field B;,, scales with H,(0), as studies
in superconducting LiTi,O, ceramic oxides prepared by
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FIG. 13. The measured irreversibility lines, normalized ac-
cording to the proposed pinning model, collapse to a single
“universal” curve. This strongly suggests that the irreversibility
line arises from vortex depinning and is actually a “depinning”
line (Ref. 35).

different techniques seemed to indicate. Although the
correlation of the curve parameter B with H_,(0) was
fairly good, our findings indicate that the irreversibility
field scales better with F,(0)§,(0), that is, with
[H,.,(0)1*%[k(0)]? rather than with H,,(0). Our results,
supported by the above pinning model, favor models
based on depinning rather than models based solely on
intrinsic properties. In this sense, our finding strongly
suggests that the irreversibility line actually is a “depin-
ning line,” as proposed by Brandt.*

D. Anisotropy parameter y

As oxygen is depleted from Y 1:2:3, most superconduc-
tive properties, including the critical fields H,, H,,, and
H_, and associated lengths § and A, change continuously
and monotonically. The major exception is the transition
temperature T,, which remains nearly constant in its
“plateau” for § <0.11. It is noteworthy, then, that the
mass anisotropy parameter ¥y =5.5 remains nearly con-
stant over the range of this study. Within experimental
error, the same value has been obtained in earlier deter-
minations on single crystals?’ and on magnetically
aligned, isolated Y 1:2:3 powders.’¢ In addition, Vander-
voort et al.® have recently reported H,, measurements on
an oxygen-depleted Y 1:2:3 single crystal (7, =60 K) and
obtained the value y =4.4. While the agreement is not
perfect, these results taken together indicate that the
mass anisotropy undergoes relatively minor changes with
oxygen deficiency even as other parameters, e.g., the con-
densation energy F,, may be modified quite markedly.
Since the primary effect of vacancies on chain sites (act-
ing as a charge reservoir) is to modify the mobile charge
carrier density in the CuO, planes, little or no change in
anisotropy is expected as the factors dominating anisotro-
py, €.g., number and spacing of CuO, planes and overall
crystal structure, are barely affected by formation of
chain-site oxygen vacancies.
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E. Condensation energy F,.(8)

Finally we want to address one of the main results of
this study, namely, the sharp decrease of the condensa-
tion energy F, with oxygen deficiency 6 in the range
8 <0.2, where T, changes relatively little (especially for
6 <0.12, or “90-K plateau”).

Applying BCS theory, we have F,=N(0)A(0)*/2,
where N(0) is the density of electronic states at the Fermi
surface with one spin direction and A(O) is the supercon-
ducting energy gap at T=0. Replacing A with the gap
ratio z=2A/ky T, gives F,~N(0)z2T2. Assuming that
these simple relations apply to the Y 1:2:3 material, the
observed decrease in F, with 8, while T, remains approx-
imately constant, can occur via changes in the gap ratio
and in the density of states N(0). In fact, Hall effect
measurements of Jones et al.’’ on thin epitaxial films of
YBa,Cu;0,_5 showed that the Hall carrier density de-
creases by a factor of ~2 in the T,.-plateau region relative
to the density at maximum oxygenation, suggesting simi-
lar decreases in N(0). This finding is fully consistent
with our penetration depth determinations. Further de-
creases in carrier density were found at higher oxygen de-
pletions, with a reduction of ~3 at a composition near
x=6.7. Combining this factor with the reduction in T,
measured in this study for our most depleted sample
gives already a fivefold reduction in condensation energy,
compared with the experimentally observed factor of
~11. One can speculate that the energy gap ratio z also
diminishes as oxygen is removed from the superconduc-
tor. For example, a decrease of z from 7, an average
value quoted for fully oxygenated Y 1:2:3, to z=~4.5
would account completely for the observed decrease of
F,. Thus, within a BCS framework, the variation of
N(0), 2A(0)/kgT,, and T, can provide a plausible ex-
planation for the large change in condensation energy.

Unfortunately, measurements of the gap in this and
most families of high-T, superconductors have been con-
troversial and difficult to interpret. Along with being an-
isotropic, the deduced temperature dependence of A(T)
also appears to deviate significantly from a BCS depen-
dence, with suggestions that the observed superconduc-
tive transition may be depressed considerably below the
“true” T, by some unknown mechanism such as spin-flip
scattering.’® Therefore, we much prefer to invert the ar-
gument, as the condensation energy is an equilibrium,
thermodynamic property, based upon Ginzburg-Landau
theory that is independent of any specific model or mech-
anism for superconductivity. Our data show that in the
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composition range § <0.12, where the 90-K T, plateau is
observed, the condensation energy and most of the super-
conductive properties vary; so it may be speculated that
the constancy of T, in this range is the anomalous prop-
erty in oxygen-deficient YBa,Cu;0,_s which requires an
explanation.>’

V. CONCLUSIONS

This study shows that chain-site oxygen defects are not
strong, effective pinning centers in the sintered
YBa,Cu;0,_; materials investigated. In general, J. was
maximal at full oxygenation and decreased continuously
as oxygen was removed (with 0=6=<0.2). As J. de-
creased, also the irreversibility field B, was depressed.
Both J, and the parameter B§ of the irreversibility line
showed good correlation with the pinning model parame-
ter F,(0)&,,(0), where all quantities were determined ex-
perimentally as a function of oxygen content. The con-
densation energy and, thus, the energy barrier of the
preexisting pinning centers, were adversely affected with
oxygen deficiency. The addition of chain-site oxygen va-
cancies, which may act as additional pinning centers, did
not compensate for the weakening of the pinning strength
of the preexisting defects and it had, indeed, the effect of
hindering the intragrain current-carrying capacity of sin-
tered YBa,Cu;0,_s.

Note added in proof. Vanacken et al.*° have recently
reported a correlation between B§ and J,(0), similar to
that discussed in Sec. IV. No experimental evidence was
given for the origin of this correlation.
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