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Microstructural influence on critical currents and irreversibility line
in melt-textured YBa2Cu3O7Àx reannealed at high oxygen pressure
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We present a study of flux pinning by in-plane partial dislocations in melt-textured grown
YBa2Cu3O7 /Y2BaCuO5 ~123/211!. The in-plane dislocations are generated by high oxygen pressure~HOP!
postprocessing treatment as confirmed by transmission electron microscopy~TEM!. In order to characterize the
dislocation density and the perimeter to surface ratio~PSR! of the associated stacking faults a large number of
TEM micrographs have been analyzed. We demonstrate that the evolution of the microstructure correlates with
the oxygen absorbed by the samples during different HOP treatments. Two regimes of oxygenation activity are
identified: first, the low oxygenation regime where the PSR of the stacking faults stays almost constant but the
in-plane dislocation density is increased near the 123/211 interfaces and second, the high oxygenation regime
where the stacking faults extend over the entire 123 matrix inducing a drastic enhancement of the dislocation
density and a strong decrease in the PSR. Two contributions to the critical current density have been identified
and quantified: the weak pinning and the correlated disorder pinning. We demonstrate that the correlated
disorder comes from 123/211 interfaces and that this remains invariant with the HOP process. On the other
hand, the weak pinning contribution is associated to the in-plane dislocations and this contribution strongly
correlates with the HOP treatments. The temperature and field dependencies of the in-plane dislocations’
contribution to the critical currents are in agreement with a pointlike single vortex pinning mechanism. Finally,
we demonstrate that the dislocation pinning can be counterbalanced by wide stacking faults inducing a down-
ward shift of the irreversibility line.

DOI: 10.1103/PhysRevB.65.104526 PACS number~s!: 74.60.Ge, 74.60.Jg, 74.80.Bj
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I. INTRODUCTION

It is well known that the microstructure characteristics
melt-textured grown ~MTG! YBa2Cu3O72d /Y2BaCuO5
~123/211! composites dominate their physical propertie
Thus, the understanding and control of the microstructure
interesting challenges for the improvement of the phys
properties of MTG 123/211 and its applications. Since
beginning of the 1990s, many experiments have been
formed in this view. The texturing of YBa2Cu3O72d
~YBCO! ~123! allowed to reduce the limitation of the critica
currents associated to high angle grain boundaries.1 How-
ever, in spite of this advance, the gap existing between M
123/211 and optimized epitaxial thin films is still quite im
portant. MTG 123/211 is a ceramic composite material w
211 particles embedded into the matrix and has a wide s
trum of defects~twin boundaries, subgrain boundaries, sta
ing faults, dislocations, and microcracks! which have a
strong influence on the mechanical and superconduc
properties. With the purpose of optimizing the supercondu
ing properties of MTG 123/211, different approaches ha
been explored such as plastic deformation2,3 and the addition
of nonsuperconducting phases.4,5 In particular, the effects of
211 inclusions have been intensively studied6,7 but the sub-
ject is still much debated. Indeed, some authors have
0163-1829/2002/65~10!/104526~10!/$20.00 65 1045
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gested that the pinning enhancement comes from the 123
interfaces7 while others claim that pinning comes from th
defects associated to the 123/211 interfaces.8 Another contro-
versy is the capability of the stacking fault as a pinning ce
ter. Some works have suggested that an increase of the s
ing fault density induces an enhancement of pinn
effectiveness.9 But on the other hand, other authors have p
posed that the in-plane dislocations associated to the stac
faults are the real pinning centers,10,11 and that there is a
competition effect between the stacking fault and its ass
ated dislocations.12,13

We have previously shown11 that high oxygen pressur
~HOP! postprocessing treatments allow to increase the c
cal current density up to 180% for the optimized condition
This strong enhancement is correlated with the generatio
in-plane partial dislocations at the 123/211 interfaces.

In this work, we report a thorough analysis of the micr
structural changes under HOP postprocessing treatments
their correlation with the pinning mechanisms. The
changes are associated with the oxygenation activity un
strong nonequilibrium conditions~i.e., with the oxygen
available in the sample during the HOP postprocessing tr
ment required to transform the 123 phase into a local 1
and nucleate stacking faults!. Transmission electron micros
copy ~TEM! observations do not reveal other importa
©2002 The American Physical Society26-1
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PLAIN, PUIG, SANDIUMENGE, OBRADORS, AND RABIER PHYSICAL REVIEW B65 104526
changes of the microstructure. Thus, we have obtained
carrying out different HOP postprocessing treatments a se
samples with different in-plane dislocation density and
rimeter to surface ratio~PSR! of stacking faults while keep
ing the 211 content constant. Assuming that the critical c
rent density is the sum of different pinning contributions, w
correlate these contributions with the observed defects.
clearly settle that interface pinning and in-plane dislocatio
associated to the interface have a distinguishable contr
tion to the critical currents and that the dislocation effect c
be counterbalanced by wide stacking faults.

II. EXPERIMENT

MTG-YBCO samples with 30 wt.% of 211 were grow
using a top seeding technique described elsewhere14 fol-
lowed by an oxygenation process at 1 bar and 450 °C for
h. Single domain pieces having typical dimensions 0.330.3
30.3 cm3 were cut from the bulk pellets and submitted
additional HOP treatments under constant pressureP O2
5100 bar. In a first set of samples the HOP process
carried out at a temperature of 600 °C for a period of ti
ranging from 1 to 12 h. In a second set of samples, the t
process was kept constant att512 h, while the process tem
perature was varied atT5350 °C, 450 °C, and 600 °C
These HOP samples are called H6001h, H6002h, H600
H35012h, and H45012h, respectively. The content of the
phase in the composite was confirmed by measuring
paramagnetic susceptibility of the sample and fitting a Cu
Weiss law in the high-temperature range (T>120 K).7

Inductive critical currents and irreversibility lines we
deduced from magnetization measurements performed w
superconducting quantum interference device magnetom
using a 3 cmscan length to avoid field inhomogeneity. Th
typical size of the samples used in these magnetization m
surements was 1.530.830.5 mm3. The longest dimension
(c axis! was placed parallel to the magnetic field in order
minimize demagnetizing effects. The critical current was c
culated from the generalized Bean critical state model,

Jc
ab5

203nM

l 13S 12
l 1

33 l 2
D3V

, ~1!

wherel 1< l 2 are the sides limiting the surface perpendicu
to the applied field,nM is the difference between the upp
and the lower branches of theM (H) hysteresis loops, andV
is the sample volume.15,16 The irreversibility line was de-
duced from zero-field cooled~ZFC!-field cooled~FC! mag-
netization measurements as a function of temperature.
irreversibility field was obtained from the criterion

MZFC2MFC

MZFC
50.01, ~2!

which corresponds to a critical current equivalent criterion
;102100 A/cm2. The microstructure of the samples w
characterized using Philips CM30 and Jeol 200CX elect
microscopes operated at 300 keV and 200 keV, respectiv
TEM samples were cut parallel and perpendicular to~001!.
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They were mechanically polished down to 30mm and fur-
ther ion milled down to 100 nm at reduced voltages~4.5 kV!
and currents~0.3 mA! using a cold finger immersed in liquid
nitrogen to avoid damage of the microstructure.

III. RESULTS AND DISCUSSIONS

A. Microstructural changes under a HOP process

Under HOP conditions the 123 phase is highly unsta
and decomposes into a mixture of 211, Ba-Cu oxide, a
CuO according to the reaction17,18

4YBa2Cu3O72x1S 123d

2
12xDO2

→2Y2BaCuO513Ba2Cu3O62d1CuO. ~3!

At the same time the 124 phase is more stable than the
1CuO mixture. Accordingly, during a HOP process, the Cu
released during the decomposition of the 123 phase@Eq. ~3!#
can be inserted in the 123 matrix as intrinsic stacking fau
Thus, locally the 124 phase may be generated by the in
tion of a double CuOx chain layer.19 The massive formation
of stacking faults is the principal microstructural change d
ing the HOP process. The extent of this transformation an
particular the shape and size of these stacking faults
found strongly dependent on the temperature and time of
postprocessing treatment. In order to compare the diffe
HOP treatments, we define the magnitude of oxygena
activity, SO2, as the oxygen available in the sample for t
phase transformation described by Eq.~3!. This quantity is
given by

SO25C0E
0

t

dtE
0

z

dzerfc
z

2ADt
, ~4!

whereC0 is a normalizing constant depending on the appl
oxygen pressure,t the process time duration,z the depth of
the sample, andD is the diffusion coefficient.D is given by

D5D0e2U/kT, ~5!

whereU is the activation energy,k the Boltzmann constant
and T the temperature of the HOP process. We have ca
lated the diffusion parameterD considering that the diffusion
along thec axis is negligible~i.e., Dab@Dc). Note that the
erfc(x) function in Eq.~4! is the solution for the diffusion
equation20,21 indicating the oxygen concentration profile
the samples. Hence,SO2 provides a dimensionless param
eter characterizing the total oxygen uptaken by the sam
during the various HOP treatments.

1. High oxygen pressure processed at350 °C and 450 °C

TEM observations did not reveal significant microstru
tural differences between samples processed at 350 °C
450 °C. Observations around the@001# viewing direction re-
vealed a high increase in the dislocation density prefer
tially around the peritectic 211 particles, while the regio
between the particles remained almost defect-free. Figu
shows a bright field electron micrograph of the~001! plane
6-2
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MICROSTRUCTURAL INFLUENCE ON CRITICAL . . . PHYSICAL REVIEW B65 104526
taken with the diffraction vectorg5200 of a matrix region
around two 211 particles. A significantly high density of d
locations around the particles which suddenly drops with
distance from the interfaces is clearly observed. The sa
area is shown in Fig. 2 underg5110. Note that in this case
the regions enclosed within the dislocations display stack
fault contrast~dark contrast!. The observed contrast is in fac
that expected for stacking faults with a 1/6^301& displace-
ment vector, typically found in 123 materials,22–24 which
consist of the intercalation of an extra CuOx chain layer be-
tween the two adjacent BaO atomic layers.25 Note that
such stacking faults are thus equivalent to a local 124-t
structure. By inspection of the micrographs it can be c
cluded that within the thickness of the sample TEM f
(;100 nm), several stacking faults are superposed al
the viewing direction, i.e., thec axis of the matrix. The shap
of the stacking faults is highly anisotropic, thus indicati
the occurrence of a preferential growth direction along
@100# and@010# directions, i.e., at 45° from the twins~since
the contrast features do not change across the twin bo
aries, the notation̂100& will be used for@100# and @010#!.

From the above results, it can be concluded that u
HOP treatments at these temperatures~i.e., 350 °C and
450 °C), only the microstructure around the 211 particles
modified by the nucleation and rapid growth of 124-ty
extrinsic stacking faults, in a similar way as previously o
served in samples aged for several days under flow
oxygen.26 The main difference is that in this case the size
the faulted areas is much smaller while the density of sta

FIG. 1. Bright field electron micrograph (g5200) of the~001!
plane of the sample postprocessed at 450°C showing a high p
dislocation density around one 211 inclusion. Note that the dislo
tions are principally aligned along the@100# direction.

FIG. 2. Same area as in Fig. 1 taken withg5110. Stacking
faults elongated in thê100& directions appear dark.
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ing faults along thec axis is kept very high. A rough estima
tion of the growth rate of the stacking faults from TEM m
crographs indicates that it is about one order of magnit
higher at 100 bar (;100 nm/h) than at 1 bar of oxygen
This rapid growth, along with the highly anisotropic grow
shape, leads to stacking faults having an enhanced perim
~length of the bounding partial dislocation! to surface ratio.
Partial dislocation density within a distance of 400 nm fro
the 211 particles may reach values up to 231010 cm22.

2. High oxygen pressure processed at600°C

When the HOP treatment is performed at 600 °C, the
crostructure undergoes dramatic changes relative to tha
scribed for the low-temperature processed samples. Obse
tions of the~001! plane reveal an important increase in t
dislocation density, up to 2.531010 cm22 within the bulk
matrix that is not preferentially associated to the 211 p
ticles. This feature is clearly observed in theg5200 electron
micrograph of the~001! plane, presented in Fig. 3.

Note that the dislocation density is even higher within t
bulk matrix than around the 211 particle. The wide da
fringes around the 211 particle are depth fringes, which
commonly observed at incoherent boundaries when the
overlapping phases scatter the incident beam with differ
intensities. Similar to the samples processed at 350 °C
450 °C, the dislocations are aligned with the^100& direc-
tions. A further distinctive feature clearly shown in Fig. 3
the occurrence of circular or elliptic partial dislocation loo
isolated within the matrix, as indicated by arrows in the im
age. Striking images taken withg5110, in order to image
the faulted areas, displayed dark stacking fault like contr
throughout all the bulk matrix, thus signaling that within th
thickness of the TEM specimen, wide areas larger th
;10 mm2 are covered by overlapping stacking faults alo
the c axis. The same image~i.e., Fig. 3! also shows a set o
dislocations lying out of the~001! plane, as indicated by
arrowheads. The oscillatory contrast displayed by these
locations is that expected for dislocation lines inclined to
foil surface,27 which in this sample is close to the~001!
plane. Such out-of-plane dislocation arrangements are

tial
a-

FIG. 3. Microstructure after HOP at 600 °C during 12 h. Brig
field electron micrograph (g5200) of the dislocation substructur
on the~001! plane. Note that the dislocation density around the 2
particle is lower than in the bulk matrix. Arrowheads show a set
dislocations lying out of the glide plane. Faulted dislocation loo
are indicated by the black arrow.
6-3



ro
lo

m

h
rin

o
ne
lo
i
e
th

a
al
a
t

di

m

is
tio

X
as
se
t
u
o

e
ity
ro

d on
nt
c-

the
ing

he

of
re of
ca-
am
of
ase

ch
ge-
d-

lt-
sce-
12
tent
per-
si-

er-
s the
the
and
ns
lso
fore

he
e of
M

a-
w-

in
at
k

PLAIN, PUIG, SANDIUMENGE, OBRADORS, AND RABIER PHYSICAL REVIEW B65 104526
pected to build up by a climbing process in samples p
cessed at high temperatures, when diffusion-assisted dis
tion movements are most likely to occur.28 In order to
observe the microstructure along thec axis, TEM observa-
tions were also performed on planes perpendicular to~001!.
An example is presented in Fig. 4 showing an electron
crograph taken along the@100# ~or @010#! viewing direction,
i.e., the ~001! planes are perpendicular to the image. T
micrograph shows a matrix area between two neighbo
211 particles displaying an irregular interface. By analysis
several images it was concluded that the tiny straight li
correspond to stacking faults viewed edge on, stacked a
the c axis. The huge density of stacking faults observed
this projection is indeed consistent with the generaliz
stacking fault contrast observed throughout the matrix in
observations of the~001! plane~Fig. 3!. Now, turning to the
features displayed by the 211 particle, one can observe th
presents an irregular shape with short arms extending par
to the ~001! planes of the 123 matrix, strongly suggesting
reactive interface. Indeed, between the 211 particle and
matrix, a secondary phase indicated by black arrows,
playing a distinctive contrast, is also observed~white ribbons
correspond to holes left by small particles presumably eli
nated during the ion milling process!. Electron dispersive
x-ray ~EDX! analyses indicated that the secondary phase
Ba-Cu oxide, though we did not succeed in the determina
of its precise stoichiometry. Figure 5 compares the ED
analyses obtained from the 211, 123, and secondary ph
The height of the Cu peak is affected by electrons disper
by the Cu grid supporting the sample and therefore canno
used to estimate the cation composition. However, the res
clearly reveal that the secondary phase is Y-free, and c
tains Ba and Cu in good agreement with Eq.~3!.

3. Microstructure development under HOP

Under HOP, the microstructure development is govern
by the interplay of plastic deformation and phase instabil
Under an isostatic pressure, plastic deformation results f

FIG. 4. Reactive interface, viewed along the@100# zone axis of
the matrix. Note that the 211 particle displays short arms extend
in the direction of the~001! matrix planes. Secondary inclusions
the 123/211 interface are indicated by black arrows. A microcrac
indicated by the white arrow.
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the anisotropy of the elastic constant of the 123 matrix29 and
the plastic anisotropy between the 211 particles embedde
the 123 matrix.30 However in this case, the most releva
driving force for the generation of the observed microstru
tures comes from the instability of the 123 phase and
tendency towards the nucleation of the 124-like stack
faults. It was clearly shown that under HOP,19 the 123 phase
is brought far from its stability field and at the same time t
124 phase is stable against a 1231CuO mixture. Early stud-
ies on ceramic powders showed that on the HOP region
the phase diagram, the 123 phase decomposes to a mixtu
211, a Ba-Cu oxide, and to a lower extent CuO and oc
sionally 124.17,18Since the same region of the phase diagr
corresponds to the stability field of 124, the nucleation
124-like stacking faults can be interpreted as a local ph
transformation of 123 to 124,31 in which the CuO is supplied
by the local decomposition of 123. As pointed out in su
studies,17,18 the decomposition does not take place homo
neously but is preferentially activated at the grain boun
aries, i.e., high stress regions in the ceramic powder.

Indeed, the microstructures observed by TEM in our me
textured samples are easy to reconcile with the above
nario. In the high-temperature-long-time regime (600 °C,
h!, where the microstructure has developed to a larger ex
and can therefore be used to magnify the mechanisms o
ating under softer conditions, we found that the decompo
tion of the matrix takes place preferentially at the 211 int
faces. There are several factors that make these place
most favored ones for the decomposition: first, owing to
plastic and thermal mismatch between the 123 matrix
211, their interface is very likely to provide stress conditio
for the activation of the decomposition. Second, 211 a
constitutes one decomposition product and can there
nucleate and grow on the preexisting particles.

A further feature of the microstructure generated in t
high-temperature regime is a dramatic increase in the siz
the stacking faults, such that within the thickness of the TE
thin foil (;100 nm), areas>10 mm2 appear completely
covered by faults overlapped along thec axis. At the same
time, the dislocation density is enhanced within the bulk m
trix, and in contrast to the samples processed in the lo

g

is

FIG. 5. Comparison of EDX analyses taken in the~a! 123 ma-
trix, ~b! secondary phase, and~c! 211 inclusion. Notice that the
secondary phase is yttrium-free.
6-4
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MICROSTRUCTURAL INFLUENCE ON CRITICAL . . . PHYSICAL REVIEW B65 104526
temperature regime, it becomes no longer associated to
123/211 interfaces. These features can be understood ta
into account that most of the dislocations introduced by H
are partials bounding the stacking faults that move aw
from the interfaces as they grow on the~001! plane. In fact,
observations of the microstructure on planes perpendicula
~001! indicate an extremely high density of faults stack
along thec axis, such that the growth of additional stackin
would be presumably impeded by interactions with the str
field associated to the neighboring ones. In this scena
additional mechanisms for the nucleation of the 124-l
stacking faults are required, such as the nucleation on ce
sites within the bulk matrix providing the necessary str
and feeding conditions. This would explain the unusual
currence of faulted loops distributed in the bulk matrix. T
microstructure observed after the low-temperature treatm
(350 °C and 450 °C) and the high-temperature treatm
during a short time can be considered as an incipient stag
the process of microstructural development under HOP.
like in the sample processed at 600 °C during 12 h, here
microstructure appears dominated by the nucleation of a h
density of small stacking faults at the 123/211 interfaces
within the matrix when the interfaces are locally saturated
this case, our observations indicate that the 211 particles
as multinucleation sites for 124-like stacking faults. In th
way, the dislocation density around the particles may peak
to 231010 cm22 while it suddenly drops down to zer
within the bulk matrix. The high growth shape anisotro
combined with the strong nonequilibrium growth conditio
under HOP, result in a two-dimensional analogue of a d
dritic shape of the stacking faults~Fig. 2! that maximizes the
total length of partial dislocations bounding the stacki
faults.

In order to summarize the microstructural changes for
different regimes, TEM image analyses have been p
formed. Thus, we have calculated the dislocation density
the PSR of stacking faults for the virgin sample and samp
in the two differentSO2 regimes~i.e., H6001h, H45012h for
the low oxygenation regime and H60012h for the highSO2
regime!. The results are shown in Fig. 6. First, we see t
the dislocation density increases with the oxygenation ac
ity. Second, the PSR stays almost constant for the low o
genation regime but decreases strongly for the high valu

FIG. 6. (h) Dislocation density and (d) perimeter to surface
ratio of the stacking faults quantified from TEM micrographs a
function of the oxygenation activity.
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SO2. These results are coherent with the scenario prese
above. Indeed, in the low oxygenation regime, there is c
ation of highly dendritic stacking faults situated generally
the 123/211 interfaces and in the high oxygenation regim
there is an expansion of large stacking faults extending to
entire matrix.

B. Critical current densities and irreversibility lines

1. Defect contributions to the temperature dependence of Jc

Figure 7 shows the temperature dependence of the cri
current densityJc

ab for the H//c axis measured in self-field
conditions, for samples postprocessed at different temp
tures and times. A single crystal is also shown for compa
son. First of all, a comparison between samples shows
the critical current density of the postprocessed samples
increased for all the temperature range~up to 180% for
sample H35012h at 5 K! if compared to the virgin sample
Furthermore, notice that all the samples present the s
behavior in the temperature dependence ofJc for tempera-
tures above 35 K except the single crystal. Indeed, m
textured 123/211 composites have been shown to exhib
change in the dominating pinning mechanism due to
presence of 123/211 interfaces7 or associated defects8 above
;35 K.

In order to study and separate the influence of the def
on the critical current density, we consider two relevant co
tributions to flux pinning: weak pinning centers~WPC’s!,
which will mainly be associated to in-plane dislocations, a
correlated disorder~CD! which will account for the 123/211
interfaces. The temperature dependence of the critical cur
density for weak pinning centers is that typically observed
123 single crystals32 and may be described by33

Jc~T!5JWP3e2T/T0. ~6!

Instead, correlated disorder theory was first developed for
contribution coming from columnar defects generated

a
FIG. 7. Temperature dependence of the self-field critical curr

density forH parallel to the@001# direction, Jc
ab , for (s) virgin,

~1! H60012h, (l) H6002h, (m) H35012h, and (j) single crys-
tals. Note the different behavior between the single crystal and
MTG 123/211 samples. Lines are fits ofJc

ab(T) describing the sum
of both contributions, i.e., weak pinning and correlated disor
pinning @see Eq.~8!#.
6-5
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PLAIN, PUIG, SANDIUMENGE, OBRADORS, AND RABIER PHYSICAL REVIEW B65 104526
heavy-ion irradiation and twins in 123 single crystals,34 but it
was shown that this theory could also well describe the c
cal current behavior of 123/211 interfaces in MT
composites:7

Jc~T!5JCD3e23(T/T* )2
. ~7!

The measured self-field temperature dependence of the
cal current density of MTG should account for the sum of
above two contributions:

Jc~T!5JWP3e2T/T01JCD3e23(T/T* )2
, ~8!

whereJWP and JCD are the critical current densities at 0
for weak and correlated disorder, respectively, andT0 and
T* are characteristic temperatures which fix the energy s
of the pinning centers for each contribution. Figure 7 sho
the raw data of the samples perfectly fitted by Eq.~8! up to
80 K where a sharp drop occurs due to the proximity of
irreversibility line. From these global fit results, we ha
calculated the separate contribution coming from Eqs.~6!
and ~7! for weak and correlated disorder contributions,
spectively. Figure 8 presents the raw data, the global fit,
the two separated contributions for the H35012h sample.
tice that weak pinning is dominant at low temperatur
while above 35 K there is an inversion of the weights fro
the WPC contribution to the CD contribution. Thus, abo
35 K the dominant contribution comes from the correla
disorder generating the characteristic bump observed
Martinezet al.7 in the temperature dependence of the criti
current density of MTG-YBCO samples. As shown in t
microstructural observations, we have modified the dislo
tion density at a constant 211 concentration. Thus, we
perform an analysis of the influence of the in-plane dislo
tions on the critical current density. We have used the ab
methodology to separate the contributions coming from
WPC and CD. We correlate the microstructural changes
the oxygenation activity parameter. Figure 9 shows theSO2
dependence of the critical current densities at 0 K for both
contributions JWP and JCD. It can be noted thatJWP is
strongly modified by oxygenation while the correlated dis
der parameter,JCD, remains almost constant. An increase

FIG. 8. Thermal dependence of the measured critical cur
density for the (s) H35012h sample and contributions comin
from ~dots! weak pinning centers,~dashes! correlated disorder, and
~line! the sum of both given by Eqs.~6!–~8!, respectively.
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about 180% inJWP is achieved atSO2.1.2 as compared to
the virgin sample whereJWP reaches 33106 A/cm2. For
higherSO2 values,JWP decreases and reaches a value si
lar to that of the virgin sample forSO2.2.2. In MTG 123/
211 the defects that may contribute to correlated disorder
twin boundary and 123/211 interfaces. It has been pro
that twin boundary pinning contributes toJc for
H//@110#,6,35–37and to the vortex liquid viscosity38 for H//c.
Unfortunately, there is no quantification of the twin bounda
pinning contribution in the solid vortex state whenH//c in
spite of Suematsuet al., who have shown experimentall
that twin boundaries act as pinning centers.39 As TEM obser-
vations do not reveal changes in the twin boundary dens
we will consider that their contribution stays constant in
our samples.

On the other hand, Martinezet al. have shown that 123
211 interfaces act as pinning centers and can be describe
the correlated disorder theory,34 though this subject is still
strongly debated. Indeed, some authors claim that the de
associated to the 123/211 interface are responsible
pinning.8 Our present results demonstrate that in the l
SO2 regime, the 211 inclusions and 123/211 interfaces w
not modified during the HOP process as evidenced by T
observations. However, a strong increase in the density of
defects associated to the 123/211 interface~i.e., stacking
fault and associated dislocations! has been clearly found
From our results, it seems clear then that the defects cre
by the HOP treatment are weak pinning centers. Con
quently, they do not play a role in the change of t
temperature-dependence behavior of the critical current d
sity occurring around 35 K generally associated to 211 inc
sions.

On the contrary, in the highSO2 regime a downward shift
in the dependence of the critical current density is obser
in spite of a drastic increase in the dislocation density in
entire 123 matrix, indicating that the in-plane dislocati
contribution can be counterbalanced by a high density
wide stacking faults.

2. Defect contributions to the field dependence of Jc

and the irreversibility line

We have studied the influence of in-plane dislocations
the field dependence of the critical current density and

nt
FIG. 9. Calculated critical current density at 0 K for (j) weak

pinning centerJWP and (s) correlated disorderJCD as a function of
SO2. Solid lines are guides for the eyes.
6-6
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irreversibility line when the field is applied parallel to thec
axis. The irreversibility lines for all the samples are d
played in Fig. 10. The dotted lines are fits of the irreversib
ity line given by

H IRR[H0S 12
TIRR

Tc
D a

, ~9!

whereH0 anda are the fitting parameters corresponding
the irreversibility field at 0 K and to temperature depende
of the irreversibility field, respectively. Notice that there
no relevant difference between the irreversibility lines of t
low SO2 regime samples and the virgin one. On the oth
hand, in the case of the highSO2 regime sample, the irre
versibility line is shifted to lower temperatures. In the ins
we plot the irreversibility field at 80 K as a function ofSO2.
The difference between the lowSO2 regime samples and th
virgin is quite low (DH IRR<0.5 T at 80 K!. We conclude
that the newly generated in-plane dislocations and assoc
stacking faults do not modify the irreversibility line when th
PSR of the stacking faults is not changed~i.e., a low SO2
regime!. On the other hand,H IRR is strongly decreased fo
the highSO2 regime sample~i.e., DH IRR53 T at 80 K!. As
shown by Sandiumengeet al.,26 a strong decrease in the i
reversibility line can be linked to the creation of wide stac
ing faults during a very long oxygenation process even
P O251 bar. For the lowSO2 regime, the independence o
the irreversibility line with the HOP process indicates th
in-plane dislocations act as pointlike pinning centers wh
the field is applied parallel to thec axis.40 In the case of the
high SO2 regime, the strong depression of the irreversibil
line can be associated to the high density of wide stack
faults ~the mean surface of the stacking fault>10 mm2)
generated by the 123 phase transformation during the
cess. Therefore, the vortex correlation along thec axis is
reduced because the 124 phase~i.e. the stacking fault! has an

FIG. 10. Inductive irreversibility lines of (s) virgin, ~1!
H60012h, (,) H6001h, (l) H6002h, (h) H45012h, and (m)
H35012h samples. Dotted lines are fits coming from Eq.~9!. The
inset shows the irreversible field versus the oxygenation activity
a temperature of 80 K.
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enhanced anisotropy and a lowerTc ~Refs. 41 and 42! induc-
ing a downward shift of the irreversibility line and, thu
depressing the efficiency of in-plane dislocations as pinn
centers.

The field dependence of the critical current density at
K is plotted in Fig. 11. First of all, we want to remark that th
critical current density is increased upon all the HOP tre
ments. At low fields (B<1.5 T), we find the more relevan
changes inJc induced by the different treatments. Indeed,
high fields all the samples tend to the same limit~i.e., they all
have the same irreversibility point as shown above! except
for the critical current density of the highSO2 regime
sample which decreases quickly in agreement with the str
depression of the irreversibility line. At low fields, we ca
consider that the vortex-vortex interaction is negligible a
that vortices are pinned individually on each defect. Th
we assume a single vortex regime and a summation of
individual microscopic pinning forces may be perform
leading to6,43

Jc
ab5

pjabBc
2V/d

4m0f0
1/2

3B21/21h
pBc

2Ndubu2

4m0f0
1/2

3B21/2

5b3B2a, ~10!

r

FIG. 11. Magnetic-field dependence of the inductive critical c
rent density measured at 77 K for (s) virgin, ~1! H60012h, (l)
H6002h, and (h) H45012h samples. Note that the highest diffe
ence between samples is localized at low fields.

FIG. 12. Magnetic field dependence of the inductive critic
current density for the H35012h sample at (s) 60 K and (j) 77 K.
Lines are fits obtained from Eq.~10! describing pinning by 123/211
interfaces and in-plane dislocations within the single vortex regim
6-7
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where jab , Bc , V/d, Nd , h, and b denote the coherenc
length in theab plane, the thermodynamic critical inductio
the 123/211 interface density, the dislocation density
temperature-dependent weight parameter, and the Bur
vector, respectively.b is proportional to the number of pin
ning centers anda gives the field dependence of the critic
current density, describing the pinning mechanism. We h
fitted the raw data obtained for the critical current dens
with Eq. ~10! for fields<1.5 T as shown in Fig. 12 for two
different temperatures. The dependencies ofb and a with
SO2 are plotted in Figs. 13 and 14, respectively. We note t
b decreases with temperature for all the samples. Indee
77 K, b is almost independent ofSO2 due to the quasineg
ligible contribution of in-plane dislocation compared to t
123/211 interfaces’ contribution. On the other hand, at low
temperatures~i.e., 45 K and 60 K!, the relevance of the in
plane dislocations as pinning centers induces a strong co
lation betweenb andSO2 ~i.e., between the number of pin
ning centers and the oxygen available for the stacking f

FIG. 13. Oxygenation activity dependence of the parameteb
which is proportional to the number of pinning centers~i.e. 123/211
interfaces and in-plane dislocations! in Eq. ~10! at (m) 45 K, (d)
60 K, and (j) 77 K. Solid lines are guides for the eyes.

FIG. 14. Oxygenation activity dependence of the parametera at
77 K associated to the pinning mechanism obtained from Eq.~10!.
In the single vortex regime,a is expected to be 0.5. Shown in th
inset is the obtained temperature dependence ofa.
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creation!. In order to separate both contributions~i.e., 123/
211 interfaces and in-plane dislocations! in b, we have taken
the weight of each contribution determined from the analy
of the temperature dependence ofJc shown in the previous
section. The results obtained for the in-plane dislocation c
tribution bd at 45 K, 60 K, and 77 K are plotted in Fig. 15 a
a function ofSO2. Note that the in-plane dislocation contr
bution as a pinning center, as deduced from the field dep
dence represented by Eq.~10! ~see Fig. 15! mimics that de-
duced from the analysis of the temperature depende
deduced from Eqs.~6! and ~8! ~see Fig. 9!. Knowing the
increase of dislocation concentration associated to the h
P O2 annealing, we can quantitatively evaluate the seco
term in Eq.~10! and particularly estimate theh parameter
which measures the efficiency and extent of core pinning
the flux-line lattice rigidity. The estimatedh values range
from 1.5 at 77 K to 4.5 at 45 K. We have then calculatedbd
for the H45012h sample and the virgin one from the theo
ical Eq. ~10! for each temperature. These values have b
compared to the experimental estimations. As can be

FIG. 16. Temperature dependence of thebd which represents
the in-plane dislocation contribution calculated theoretica
~circles! and deduced from experimental measurements~squares!
for H45012h~1 center symbols!, H6001h~open symbols!, and the
virgin sample~solid symbols!. Note the good agreement betwee
theory and experimental results. Black lines are guides for the e

FIG. 15. Oxygenation activity dependence of the in-plane dis
cation contribution to the parameterb estimated from the weak
pinning contribution of the critical current-density temperature d
pendence at (m) 45 K, (d) 60 K, and (j) 77 K. Solid lines are
guides for the eyes.
6-8
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MICROSTRUCTURAL INFLUENCE ON CRITICAL . . . PHYSICAL REVIEW B65 104526
served in Fig. 16, the experimental results are in excel
agreement with the theory. This further confirms the valid
of our flux pinning model in separating 211 and in-pla
dislocations contributions. In all cases, the exponenta was
found to be independent ofSO2 ~see, for instance, Fig. 14 a
77 K! and approximately 0.55 for all the samples, which is
good agreement with the expected 0.5 of Eq.~10!. In the
inset, the mean value ofa is plotted as a function of tem
perature. We remark that thougha decreases with the tem
perature, it is in good agreement with the theory at h
temperatures~i.e., T577 K, a.0.5). Therefore, the as
sumption of a single vortex regime at low fields is verifie
for high temperatures. The origin of the temperature decre
of a is still unclear but might be related to an increase of
flux-line lattice rigidity at lower temperatures.

IV. CONCLUSIONS

We have investigated the microstructural changes indu
by HOP postprocessing treatments, which have been co
lated with the temperature and magnetic-field dependenc
the critical current density and irreversibility line. We ha
shown that under high oxygen pressure conditions, the
crostructure can be strongly modified, principally the sha
and the density of in-plane partial dislocations. In order
quantify the oxygen quantity penetrating into the sample d
ing the HOP process, we have defined the magnitude of o
genation activitySO2 as the oxygen available in the samp
for the stacking fault creation. Two distinctive regimes
oxygenation activity were found: First, the low oxygenati
regime, characterized by an increase in the in-plane dislo
tion density near the 123/211 interfaces with a constant
rimeter to surface ratio of the stacking fault, and second,
high oxygenation regime, presenting a strong increase of
in-plane dislocation density in the entire matrix and a PSR
the stacking fault strongly depressed by the creation of w
stacking faults. From critical current-density and irreversib
ity line measurements, we have separated two pinning c
es

J.

n

i-
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tributions: the weak pinning and the correlated disorder p
ning. It is clearly settled that the new defects~i.e., stacking
faults and in-plane dislocations! act as weak pinning center
and that the 123/211 interface contribution is described
the correlated disorder theory. The nonmodified irreversi
ity line for the low oxygenation regime samples allow us
confirm that the new defects created during the HOP proc
act as point pinning centers. On the other hand, the str
decrease in the irreversibility line after the highSO2 regime
evidences that in-plane dislocations and stacking faults
competing defects and that the effect of dislocations can
counterbalanced by wide stacking faults that enhance vo
cutting. We have also studied the field dependence of
critical current density for temperatureT>45 K. We remark
that the differences inJc introduced by the microstructura
changes are principally localized in the low-field region~i.e.,
H<1.5 T). A simple model based on single vortex pinni
by dislocation cores has given good agreement with our
perimental results, thus supporting the proposed separa
methodology for the analysis of the critical currents in me
textured YBa2Cu3O7. As a final conclusion, we would like to
stress that the present work has proposed a clear and stra
forward methodology to sort out the different pinning cont
butions of 123/211 interfaces and in-plane dislocations
melt-textured YBa2Cu3O7 which behave very differently as
shown in this paper. The clarification of the pinning mech
nisms of melt-textured YBCO materials will allow to furthe
develop the processing techniques for optimizing the su
conductive properties.
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