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Pinning mechanism of vortices at antiphase boundaries in YBa2Cu3O7Àd
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Using quantitative magneto-optics and inversion of Biot-Savart’s law for determining critical current density
distributions, we investigated the anisotropic vortex pinning at planar defects in YBa2Cu3O72d films. Parallel
oriented planar antiphase boundaries~APB’s! generated in epitaxial thin films grown on vicinal SrTiO3 ~001!,
serve as well defined pinning sites. This array of APB’s exerts anisotropic pinning forces on vortex lines which
are extraordinary high transverse to the boundary yielding a longitudinal critical current densityj c,L up to
'30% of the depairing current parallel to the APB’s. Remarkably, also the transversej c,T crossing the APB’s
is large for smooth and sharp interfaces corresponding to values usually observed in films on well oriented
single-crystalline substrates. Due to variations in the structural width of APB’s the magnetic flux penetrating
parallel to the defect plane exhibits a filamentary pattern at low fields. It is related to an anomalous low-field
dependence ofj c,T with a maximum at'200 mT. In order to distinguish different pinning mechanisms of
vortices at planar defects, the angular dependence of the pinning force is calculated approximately and is
compared with the experiment. The measured angular and temperature dependence as well as the magnitude of
j c,L and j c,T prove that pinning at APB’s is dominated by quasiparticle scattering induced variation of con-
densation energy, characteristic of superconductors with anisotropic order parameter.
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I. INTRODUCTION

Generally, in type-II superconductors the critical curre
is a measure of a volume pinning force exerted to the vo
ces by defects in the crystal lattice. The largestj c'(1 –3)
31011 A/m2 at T55 K @j c'(2 –6)31010 A/m2 at T
577 K# in high-temperature superconductors~HTS’s! are
usually observed in highly textured epitaxial YBa2Cu3O72d
~YBCO! films on single-crystalline substrates grown f
from thermal equilibrium, e.g., by pulsed laser deposition
sputtering. Due to the complex microstructure with a hi
density of different lattice defects as well within as betwe
the growth islands, it is very difficult to identify the mos
effective pinning sites. Correlated disorder in the crystal
tice, such as columnar and planar defects, allows a pro
alignment of the vortex system with the defect structure
sulting in higher pinning forces compared to collective p
ning at pointlike defects1 Consequently, one-dimension
correlated disorder generated by, e.g., screw dislocatio2

edge dislocations,3 dislocation chains,4 or irradiation induced
columnar defects5 has been attributed to strong pinning
vortices in order to explain the large observed critical curr
densities.

With respect to island growth related planar defec
highly textured epitaxial YBCO films with largej c can be
imaged as a network of planar defects. For the understan
of the pinning properties of two-dimensional correlated d
order a profound investigation of the transverse critical c
rent j c,T as well asj c,L longitudinal to high current carrying
boundaries is essential. In the following, the directions wh
are transverse and longitudinal to boundaries~both perpen-
dicular to c axis! will be called L and T, respectively. It is
already known from twin and antiphase boundaries that
PRB 610163-1829/2000/61~18!/12433~14!/$15.00
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nar defects may exhibit a complex and sometimes contra
tory behavior with respect to the critical state properti
Twin boundaries~TB’s! in single crystals represent stron
pinning sites for vortices perpendicular to the boundary6,7

On the other hand, TB’s may give rise to vortex channel
along the boundary plane6–9 and reducej c,T . A somewhat
different behavior was observed at antiphase bounda
~APB’s! in thin films.10,11 The longitudinal critical current
density j c,L in an array of parallel oriented APB’s exhibit
extraordinary large values up to 30% of the depairing c
rent. Remarkably, at the same time, the transversej c,T cross-
ing the boundaries reaches the values ofj c,T'1 –3
31011 A/m2 ~5 K! usually being observed in highly tex
tured YBCO epitaxial films on well oriented single
crystalline substrates.12

For small-angle grain boundaries~SAGB’s!, it was shown
recently that the dislocation cores represent strong pinn
sites for j c,T .13 Simultaneously, it is well known that the
critical current density in HTS’s is strongly depressed
grain boundaries~GB’s! ~Ref. 14! which behave fundamen
tally different compared to GB’s in metallic
superconductors.15 The upper limit of the intergranularj c
decreases exponentially with the tilt angle of GB’s,14–16pos-
sibly related to the increasing dislocation content.17 There is
some evidence for charge-carrier depletion at G
dislocations18 which may result in band bending.19,20 The
weak link behavior foru>10–15 ° is attributed to the over
lapping of the atomic distortions of dislocation cores at so
critical angleuc .21 The observation of strong transverse vo
tex pinning at boundaries with a very low dislocation conte
~such as TB’s and APB’s! indicates that the interface itse
represents a strong pinning site for vortices. In view of t
strong pinning properties together with the observed re
12 433 ©2000 The American Physical Society
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tively large transverse critical currents at APB’s,12 the ques-
tion arises whether a dislocation free boundary is suppr
ing superconductivity and, in addition, which interactio
mechanism between vortices and such boundaries are d
nant and can explain the observed longitudinal and tra
verse transport properties.

Microscopic theory22 suggests two fundamentally differ
ent mechanisms giving rise to a suppression of the pai
amplitude at GB’s in HTS’s:~i! a direct weakening of the
superconducting condensate by local variations in the c
pling constant of the pairs, e.g., due to hole depletion. W
respect to pinning of vortices, this effect is usually call
dTc pinning due to the local variation of the transition tem
peratureTc at the boundary.~ii ! An indirect influence of the
boundary on the superconducting condensate by scatterin
quasiparticles~QP’s!. This gives rise to a local variation o
the QP mean free pathl. With respect to pinning this is
calledd l pinning. In superconductors with isotropic gap t
d l effect influences only the kinetic energy of supercurren
In superconductors with anisotropic gap~e.g., d wave23!,
elastic scattering is able to deplete the condensate~see, for
point defects, Ref. 26! and the Anderson theorem25 is not
applicable. Consequently, QP scattering may reduce loc
the order parameter similar to thedTc effect. Different recent
work show that the condensate is very sensitive to nonm
netic scattering and the superconducting charge densityns is
significantly reduced by QP scattering whereasTc remains
more stable.24,26–28For large-angle GB’s in YBCO the pres
ence of scattering induced localized quasiparticle bo
states was proven by tunneling experiments.29 In contrast to
dTc pinning, where defects of dimensions of at least
coherence length are required for effective pinning, the
fect size for QP scattering pinning may be much smaller.22,30

Recently, we showed that pinning at growth induced p
nar APB’s with structural widthr p50.7 nm in YBCO thin
films is dominated by quasiparticle scattering induced va
tion of condensation energy.12 In this article we extend this
study of pinning mechanism at the model system with pla
APB’s and present measurements on the anisotropicj c at
planar defects with differentr p . This allows an analysis o
the factors determiningj c,T and j c,L . The article is organized
as described in the following: Sections II and III give a br
summary of the microstructure of the YBCO films and t
experimental techniques. Section IV presents the obse
anisotropic current distribution in YBCO films with a near
perfect array of APB’s withr p50.7 nm. The dependence o
j c,T on r p is analyzed in Sec. V and Sec. VI gives th
magnetic-field dependence of both current componentsj c,T
and j c,L . In Sec. VII we present data on the angular dep
dence ofj c at planar defects and give details of the calcu
tion of the angular pinning force in Sec. VIII. Section I
gives evidence on the length scale of the order-param
suppression at APB’s of different structural widthr p and in
Sec. X we derive some conclusions.

II. MICROSTRUCTURE

For the investigation of vortex pinning at planar defe
we used two different kinds of YBCO films, both with a hig
density of parallel oriented antiphase boundaries, but dif
ing in the structural width and smoothness of the APB’s. T
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first kind of YBCO films are grown on almost perfect an
stable SrTiO3 ~106! surfaces and exhibit a very regular arra
of APB’s with small structural width ofr p'0.7 nm. The
second kind of films are grown on SrTiO3 surfaces which
deviate significantly from the~106! surface. In addition to
the APB’s, such films exhibit a larger density of APB’s wit
increased distorted regionr p'2 nm.

The SrTiO3 ~106! surface is created by cutting SrTiO3
~001! by an angle of 9.46 ° towards@010# @off ~001!#. After
UHV annealing at 930 °C, the surface reconstructs in a v
regular terrace structure, elongated in@100# direction with
2.3-nm-wide terraces~corresponding to six lattice paramete
of SrTiO3 aSTO50.39 nm), separated by steps, mos
aSTO high. YBCO films which are deposited by pulsed las
deposition on such substrates are growing by step fl
growth mode resulting in a well defined microstructure be
dominated by planar APB’s. The self-organized defect str
ture is summarized in Fig. 1 and extensively described
Ref. 11. The planar APB’s are oriented parallel to thec axis
and have a mean distance of 6 nm transverse~T! to the defect
planes~parallel@010#!. In longitudinal~L! direction~parallel
@100#! the films are very well ordered due to the paral
orientation of the APB planes and the partial suppression
twinning31 @the b axis of YBCO is mainly (70%) oriented
along L#. The width of the APB’sr p'0.7 nm is much
smaller than the coherence length of YBCOjab'1.5 nm.
This anisotropic microstructure is well reflected in the me
free path of the charge carriers. Whereas the mean free
in transverse directionl T'2 –6 nm corresponds well to th
mean distance between planar APB’s, the mean free pat
longitudinal direction l L'70 nm reaches the values o
YBCO single crystals. With this very well defined micro
structure YBCO films on SrTiO3 ~106! represent an excellen
model system for the investigation of vortex pinning a
pinning mechanism at planar defects in HTS with a low d
location density. Related to the termination and creation
APB’s by stacking faults, there is a small number of part
dislocations with burgers vectorb5 1

3 (0,0,1). Since the dis-
location lines are oriented parallel@100# they are unfavorable
for pinning of vorticesi c axis.

Notably, a slight deviation of the miscut angle fro

FIG. 1. Schematic drawing of the cross section inT direction of
YBCO films on SrTiO3 ~106! substrates with the observed micro
structure. Due to partial overgrowth the mean distance betw
APB’s perpendicular to the defect plane is three to four times lar
than the terrace width of 2.3 nm on the SrTiO3 substrate. The
APB’s are extended along thec axis over some unit cells of YBCO
They are terminated by the inclusion of a stacking fault~SF! in the
~001! plane simultaneously creating a new APB in a region which
shifted some nm in transverse direction.
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FIG. 2. Magneto-optically observed flux den
sity distribution in a square-shaped, 55-nm-thi
YBCO film on SrTiO3 ~106! at Bex524 mT and
T55 K. The gray scale from black to white cor
responds to the perpendicular magnetic flux fro
zero to the maximum. Full lines are indicating th
current path and additionally current density pr
files are plotted along the dashed lines.
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u ideal59,5 ° as well as a change in the miscut orientat
from @010# drastically affects the SrTiO3 surface after UHV
annealing. A deviation fromu ideal by 60.5 ° generates an
increasing number of macrosteps of a height of severalaSTO.
In the vicinity of macrosteps on the substrate surface
YBCO films exhibit planar defects similar to APB’s but wit
an extended distorted regionr p'2 nm which drastically in-
fluence the critical current density. In order to distingui
these APB’s with extendedr p from the APB’s with smallr p
we call them extended defects~ED’s!. A larger density of
ED’s due to macrosteps was also observed in YBCO fi
grown on 9.5 ° miscut SrTiO3 where the annealing tempera
ture was reduced to 760–800 °C. Moreover, when devia
from the @010# miscut orientation by small angles of 1 –5
kinks and macro-steps are formed on the surface. We
served that YBCO films on surfaces with a large number
kinks and macro steps are strongly disordered resulting
poor critical current densities.

III. EXPERIMENT

The measurement of the normal magnetic-flux distrib
tion Bz at the surface of all samples was performed
magneto-optical measurements using ferrimagnetic iron
net indicators with in-plane anisotropy. In one case~Fig. 3!
we used EuSe as magneto-optical active layer~MOL! to in-
crease the spatial resolution. The details of the magn
optical microscope are described in Refs. 32 and 33.
light intensity distribution was measured by means o
charge-coupled device camera~Hamamatsu C4880! with
100031018 pixel resolution. The calibration into th
magnetic-flux density distribution was done with two diffe
ent nonlinear calibration functions for both different MOL’
The calibration is described in Ref. 34.

The measurements were done by zero-field cooling~ZFC!
the sample and afterwards applying an external field nor
to the film plane. For the determination of the current dens
j5( j x , j y,0) within the film plane, we used an inversion
n
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Biot-Savart’s law by convolution theorem. This method
described in detail in Ref. 35. It allows a fast determinati
of the current-density distribution with a slightly reduce
spatial resolution compared to that of the measuredBz due to
noise reduction and an accuracy in determiningj (x,y) of
'5%.

The magnetization measurements were done by a s
conducting quantum interference device~SQUID! magneto-
meter by zero-field cooling and applying an external fie
normal to the film plane.

IV. ANISOTROPIC CRITICAL CURRENTS

The flux and current-density distribution of thin squar
shaped superconductors with anisotropic critical current w
studied theoretically,36,37 by qualitative experiments38–42and
quantitative magneto-optics using inversion of Biot-Sava
law.11,43 Figure 2 shows a quantitative analysis of t
current-density distribution superposition of a 55-nm-thi
YBCO film grown on perfect SrTiO3 ~106!. The magneto-
optically observed magnetic-flux density distribution is d
picted as a gray scale image together with the current stre
lines and two profiles of the current densities~corresponding
to j x in Fig. 2! and transverse~j y! to the APB’s.

Due to the anisotropic pinning force of the planar APB
the flux penetrates more easily inL direction than inT direc-
tion. This is visible in Fig. 2 although the flux and curren
density distribution is drastically different from one observ
in a homogeneous YBCO square with anisotrop
pinning11,43,37~see also, for comparison, Figs. 3 and 5!, due
to a macroscopic scratch (S), some growth distortions (D),
and some other large defects with a diameter of so
mm (F). The macroscopic scratch~S! divides the square-
sample in two parts which are only weakly connected by
flowing supercurrents. The large defects~F! in the region
where the flux penetrates inL direction give rise to large flux
filaments which are extended macroscopically towards
center of the sample.
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Despite these effects influencing the pattern of the c
rent, it is clearly visible in the current-density profile, that t
magnitude ofj c,L flowing in theL direction is exceptionally
large up toj c,L58.531011 A/m2. This is almost 30% of the
depairing current density in YBCO ofj 0'331012 A/m2.
Moreover, also the critical current density inT direction
j c,T52 –331011 A/m2 is astonishingly large. Althoughj c,T
has to cross the defect planes of the APB’s, its magnit
corresponds to thej c observed in high quality YBCO films
on well oriented single-crystalline substrates.

Table I shows the properties of different YBCO films o
nearly perfect SrTiO3 ~106! ~samples S1–S4! as well as on
substrates where the miscut angle and miscut direction
deviating'60.5 ° from the values for an ideal~106! surface
~samples S5–S10!. The substrate surface of samples S6 a
S7 exhibits a higher density of macrosteps~MS!. Samples S5
and S8–S10 have kinks at the terrace edges of the subs
surface due to a deviation of the miscut from@010# which
also leads to the presence of MS. In addition, two samp
~S11 and S12! are presented where the 9.5 ° miscut substr
surface was annealed at 760 °C~instead of 930 °C) and the
surface remains more irregular~IR! with a higher density of
macrosteps.

Extraordinary largej c,L as well as nicej c,T are reached
only for YBCO films on almost perfect~106! surfaces. In
case of the samples S5–S8, not onlyj c,T is reduced to mag-
nitudes below 1011 A/m2 due to the extended distorted r
gion of the ED’s. Remarkably,j c,L is also depressed to or
dinary values.

V. FLUX FILAMENTS AND LONGITUDINAL PINNING
FORCE

In addition to some large flux filaments (F), the flux den-
sity in the regions of longitudinal flux penetration in Fig.

TABLE I. Summary of the properties of different samples wi
planar APB’s~see text!. The critical current densitiesj c,L and j c,T

are determined by magneto-optics atBex540 mT andT55 K.
Sincej c,T exhibits large variations within a sample due to its stro

local-field dependence, we give an average valuej̄ c,T . The anisot-

ropy ratio is defined asAj5 j c,L / j̄ c,T andt denotes the thickness o
the YBCO films.Tc of all samples is between 89 and 91 K.

Sample t j c,L j̄ c,T Āj
substrate

~nm! 1011 (A/m2) 1011 (A/m2) surface

S1 22 5.5 1.4 3.92 ~106!
S2 55 8.5 2.0 4.25 ~106!
S3 240 8.0 3.0 2.66 ~106!
S4 375 4.1 1.9 2.15 ~106!

S5 320 2.7 0.9 3.0 K1MS
S6 155 2.5 0.6 4.2 MS
S7 110 2.2 0.3 7.3 MS
S8 100 1.6 0.5 3.2 K1MS
S9 70 1.0 0.25 4.0 K1MS
S10 180 1.5 0.38 3.9 K1MS

S11 170 3.0 1.0 3.0 IR1MS
S12 150 1.7 0.9 1.9 IR1MS
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exhibits a fine filamentary pattern. The flux filaments a
oriented inL direction and extend macroscopically from th
film edge towards the center of the sample. The mean
tance of the flux filaments inT direction is with Dx
'60 mm much larger than the mean distance of APB
Almost all of the filaments despite those marked withF are
extended macroscopically over a size of several mm w
origin at those two film edges which are oriented perpendi
lar to the APB’s. Frequently, the filaments which origina
from opposite film edges have coincident positions at b
flux fronts in the central part of the film. Generally, flu
filaments may occur due to two fundamentally different re
sons: First, the presence of planar defects with distanceDx
where the longitudinal pinning, respectively the transve
critical current density is reduced compared to the area
side the defect plane. From transmission electron microsc
~TEM! and scanning tunneling microscope~STM! investiga-
tions of the YBCO films we conclude that the filaments a
related to the APB’s with extended structural width~ED’s!.
Second, large defects with size of somemm where the criti-
cal current has to flow around may generate flux filament
films with anisotropicj c . The parabolic discontinuity lines
extending from such defects towards the sample center
to the bending of the currents are well known from sup
conductors with isotropicj c .35,44 In case of an anisotropic
j c , these parabolas degenerate to a couple of narrow, alm
parallel lines45 which look similar to the filamentary flux
pattern at planar weak links, however, are not extended o
the entire sample alongL. In Fig. 2 almost all flux filaments
are related to the ED’s despite those which are marked w
(F). This is also confirmed by the flux distributions in Fig
8 and 9 where the filaments are always parallel to the AP
although the angle of the current is changed~see Sec. VII!.

The filamentary flux pattern longitudinal to the boun
aries is much more clearly visible in Fig. 3. It shows t
magnetic-flux distribution of a YBCO film on 9.5 ° miscu
SrTiO3 where the substrate was annealed at a lower temp
ture T5760 °C before depositing the YBCO. This YBCO
film exhibits a higher density of ED’s and the filamenta
flux pattern is more pronounced compared to Fig. 2. T

FIG. 3. ~a! Flux density distribution of a square-shaped, 17
nm-thick YBCO film ~S11! on 9.5 ° SrTiO3 at Bex566.4 mT and
T55 K observed by means of EuSe as magneto-optical layer.
gray scale from black to white corresponds to the perpendic
magnetic flux from zero to the maximum.
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PRB 61 12 437PINNING MECHANISM OF VORTICES AT ANTIPHASE . . .
magneto-optical measurement was performed with EuS
MOL in order to obtain a higher spatial resolution of 1mm.
The filamentary flux pattern exists only in the area ofL pen-
etration of the flux, whereas in the region ofT penetration no
filamentary structure is visible. The probability that the p
sition of a filament in the upper half of the film in Fig. 3
corelated to the position of a filament in the lower half
P565%.

The mean distance between two filaments inT direction
in Fig. 3 isDx531 mm which is a factor 2 lower than in th
sample on carefully oriented SrTiO3 ~106! in Fig. 2. We
observe that the density of flux filaments and thus of
ED’s increase in YBCO films on substrate surfaces wh
deviate from the ideal SrTiO3 ~106! surface due to an in
creasing number of macrosteps and irregularities on the
strate surface. Together with a more pronounced filamen
flux pattern and decreasingDx we observe a decrease ofj c,T
by a factor of 2~see Table I!.

The microstructure consisting of two kinds of planar d
fects with different longitudinal pinning force and the relat
filamentary flux penetration in theL direction is sketched in
Fig. 4. In the following the strengthening of the filamen
and the decrease ofj c,T with increasing structural width o
the planar defects is discussed by applying a model
Gurevich and Cooley.46 At planar defects where the micro
scopic eddy current of vortices is reduced from the~bulk!
depairing currentj 0 to the Josephson currentj J,0 , the Abri-
kosov vortices turn into anisotropic Abrikosov vortices wi
a highly anisotropic Josephson core. The vortex core of s
Abikosov-Josephson~AJ! vortices is elongated along the pla
nar defect with a core radius of

jL5
3A3

4

j 0

JJ,0
jab , ~1!

FIG. 4. Sketch of the longitudinal flux penetration in a YBC
film on SrTiO3 ~106! with parallel oriented planar defects~APB’s!.
Some of them have a lower longitudinal pinning force~ED’s!. The
density of antiphase boundaries~6 nm! is much larger than indi-
cated in the drawing. The white area is filled by magnetic fl
whereas the dark area is still flux free. Ellipses repres
Abrikosov-Josephson vortices with different anisotropies.
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whereas the transverse core radius remains at a sizejT

'A2jab .
The longitudinal pinning force per unit lengthf p,L acting

on AJ vortices would vanish for a perfectly homogeno
planar defect. A nonvanishingf p,L results from inhomo-
geneities ofj J,0 , e.g., due to variations in the structural wid
r p of the APB’s or in their extensions alongc axis. A
model46 based on the variation of the Josephson coupl
energy of AJ vortices as a function of position within a pl
nar defect gives

f p,L5dJe0

L

L21jL
2

, ~2!

with inhomogeneity sizeL and disorder parameterdJ
5d j J,0 / j J,0 . The line energy of the vortex line is given b
e05F0

2/(4pm0lab
2 ). The longitudinal pinning force has

maximum whenL becomes of the order of the longitudin
core sizejL . Assuming a distribution of inhomogeneit
lengthsL and that the AJ vortices always take that pinni
site with maximumf p,L , one may setL'jL and Eq.~2!
gives

f p,L'dJe0

1

2jL
. ~3!

This means that the longitudinal pinning force decrea
with increasing anisotropy of the AJ vortices. Since the
sephson current of a planar defect with larger p ~ED’s! is
smaller than that of an APB, according to Eq.~1! the AJ
vortices at ED’s display larger anisotropies and thef p,L of
ED’s is smaller than thef p,L of APB’s. Within the frame-
work of this simple model, usingj c,T values from Table I
and assumingdJ'0.5 one obtains for the longitudinal cor
radius of the AJ vorticesjL'5 –7 nm at APB’s andjL
'15–25 nm at ED’s.

VI. FIELD DEPENDENCE OF j c

The presence of planar APB’s and ED’s with differe
structural width and different longitudinal pinning is als
reflected by the magnetic-field dependence of the transv
critical current j c,T . According to a model proposed b
Gurevich and Cooley,46 the weakly pinned AJ vortices in th
ED’s are stabilized by the stronger pinned vortices in th
neighborhood, which gives

j c,T5 j c,ED1cABz. ~4!

At low local magnetic-flux densities, the transverse critic
current is given by the lower longitudinal pinning forcef p,L
~ED! of the ED’s,

j c,ED' f p,L~ED!/F0 . ~5!

With increasingBz the weaker pinned anisotropic AJ vort
ces at the ED’s are stabilized by the AJ vortices at the AP
with higher longitudinal pinning force by magnetic intera
tion. Thus j c,T should increase with increasing local flu
density approximately up to a value which is given by t
stronger pinning of the APB’s.

The field dependence ofj c was investigated by magneto
optical measurements which enable us to a separatej c,L(Bz)

t
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FIG. 5. Flux density distribution in a square
shaped, 320-nm-thick YBCO film~S5! on a not
perfectly developed SrTiO3 ~106! at Bex

548 mT andT55 K. Full lines are indicating
the current path and, in addition, the current de
sity profiles are plotted along the dashed line
Three dark spots are distortions in the MOL.
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and j c,T(Bz) up to external fields ofBex5200 mT. The av-

eragej̄ c(Bex) was measured up to fields of 5 T by means of
a SQUID magnetometer where a separation of the an
tropic currents is not possible. The investigations were p
formed on a square-shaped 320-nm-thick YBCO fi
~sample S5! deposited on a not perfectly developed SrTi3
~106! surface. The magnetic flux and current distribution
Bex548 mT is visible in Fig. 5. In this film the mean dis
tance between two flux filaments isDx'30 mm. Note that
they are almost invisible in Fig. 5 due to a lower resoluti
of the image compared to Fig. 3.

Figure 6~a! shows the dependence ofj c,T and j c,L on the
local magnetic-flux densityBz in the YBCO sample repre
sented in Fig. 5. The curves have been obtained at diffe
external fields by the following method: The flux dens
distributionBz(x,y) was measured for each applied extern
field Bex and the corresponding current-density distributio
j c,T(x,y) and j c,L(x,y) have been determined by inversio
of Biot-Savart’s law. Afterwards for each fixedBex the range
of the localBz(x,y) from its minimum to its maximum was
divided in 100 channels and for the entire film the avera
j c,T , respectively,j c,L was determined in eachBz channel.

Within the experimental accuracy all curves determin
for differentBex in Fig. 6~a! yield a unique local-field depen
dence forj c,T and j c,L , respectively. The transverse critic
current is enhanced with increasing local fieldBz up to
Bz,max'95 mT. Thej c,T enhancement with increasing flu
density from the flux front towards the film edges is al
visible in the current-density profile ofj x(y) in Fig. 5. In
Fig. 6~a! j c,T(Bz) displays an increase in the field range
<Bz<10 mT followed by a smooth further enhancement
largerBz . This behavior is not described by Eq.~4! which is
valid for mediate fieldsBc1!Bz!Bc2.46 Therefore only the
smoothly increasing part ofj c,T(Bz) was fitted by Eq.~4!
giving j c,ED55.631010 A/m2 and c51.631011 A/
(m2 T1/2). In fact, for Bz→0 the measuredj c,ED'3
31010 A/m2 is significantly smaller than the result of the fi
In contrast toj c,T(Bz), j c,L(Bz) decreases with increasing lo
o-
r-

r

nt

l
s

e

d

t

cal field. The increasing part ofj c,L(B) at smallBz repre-
sents the cross over from the screening currentsj s, j c in the
flux free area of the sample to the critical currents.

Since the application of this quantitative analysis of t
local-field dependence ofj c is restricted toBz,120 mT due
to the onset of saturation of the iron garnet MOL, we inve
tigated the difference in the field dependence of both curr
components by the change of the mean anisotropy ratioAj

FIG. 6. ~a! Dependence ofj c,T and j c,L on the local magnet flux
density Bz at different external fieldsBex532, 40, 48, 56.8, 64,
and 80 mT andT55 K determined as described in the text. Th
theoretical curve is calculated from Eq.~4! with j T,ED55.6
31010 A/m2 and c51.631011 A/(m2 T1/2). ~b! Change of the
anisotropy ratioAj of the critical currents as a function of the ap
plied external fieldBex at 5 K.
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5 j̄ c,L / j̄ c,T . According to Forkl and Kronmu¨ller36 in square-
shaped filmsAj can be determined by observing the anglea
between a discontinuity line and a square edge~parallel to
j c,L). Simple geometrical considerations lead toAj
51/tana. This method enables an observation of the anis
ropy ratio even for magnetic fields where the MOL is alrea
saturated. It has the disadvantage that one is restricte
determine an average value ofAj for eachBex . Figure 6~b!
shows the anisotropy ratioAj at different applied externa
fields up to 200 mT at 5 K. The increase ofj c,T with local
field together with the decrease ofj c,L results in a drastic
decrease of the mean anisotropy ratioAj with increasing ex-
ternal field.

The increase ofj c,T with increasing field is also reflecte
by the magnetization curves presented in Fig. 7. Figure~a!
shows the magnetizationM normal to the film plane for dif-
ferent temperatures in a magnetic field range ofBex
56300 mT. In Fig. 7~b! theM (Bex) hysteresis is presente
for applied fields up to65 T at 5 K. The low-field magne-
tization curves in the temperature range betweenT55 and
35 K displays a significant minimum of the remanent ma
netization forBex→0 which is not observed at YBCO film
on well oriented substrates.47 This effect vanishes at highe
temperatures. Magneto-optical measurements reveal th
the higher temperature regimeT.35 K the flux filaments
are not visible and thus the minimum inM (Bex) for T
,35 K is clearly correlated to the presence flux filamen
However, in this article we focus on the low-temperatu
behavior.

The low-field increase ofM (Bex) is due to two different

FIG. 7. ~a! Low-field magnetization curves of the sample~S5!
presented in Fig. 5 for different temperaturesT
55, 15, 25, 35, 46, 55, 64, 76, and 85 K. For each tempera
the samples was cooled down fromT.Tc in zero field and a full
hysteresis was measured.~b! High-field magnetization curve of the
same sample atT55 K.
t-
y
to

-

in

.

effects both related to the increase ofj c,T with local field: ~i!
With increasingBex the Bz distribution in the film is shifted
to larger fields yielding a larger averagej c,T . ~ii ! Due to the
decreasingAj (Bex) the discontinuity lines are moved to
wards the sample center and the area where the largerj c,L is
flowing is increased. However, sinceM}r3 j the currents at
the sample edges mainly contribute toM and ~i! should
dominate over~ii !. Within this assumption, one derives from
magnetization measurement, thatj c,T at the sample edge
reaches its maximum atBex'125 mT at 5 K. Using the fit
of Eq. ~4! and assumingBz,max'125 mT we yield a maxi-
mum j c,T'1.231011 A/m2. This represents the maximum
j c,T crossing the ED’s where the pinning of the AJ vortices
stabilized by magnetic interaction of stronger pinned AJ v
tices at APB’s.

Finally, we want to discuss the high-field behavior ofM
in Fig. 7~b! together with the average critical current dens
j̄ c in the film. Since the magnetization measurement m
sures mainly the currents at the film edges, the different s
of the areas wherej c,L or j c,T is flowing can be neglected
and one has

j̄ c'
j c,L1 j c,T

2
'

3M

w
, ~6!

wherew denotes the half sample width. For the maximu
M560 T at 5 K andBex5125 mT one obtainsj̄ c'1.6
31011 A/m2. This result agrees with the averagej̄ c51.55
31011 A/m2 using thej c,L and j c,T values from Fig. 6~a! at
Bz590 mT. FromM (Bex) in Fig. 7~b! follows, that the av-
erage critical current is reduced toj̄ c'0.331011 A/m2 at
Bex55 T. However, it cannot be detected by this measu
ment whetherj c,L or j c,T is more sensitive on large magnet
fields.

The strong-field dependence ofj c,L in Fig. 6~a! already
occurring for small fields seems to be surprising if one co
siders the matching fieldB* '60 T of an array of APB’s
with a mean distance of 6 nm. However, the determination
the matching field of an array of planar defects is a ve
complex problem since the anisotropy of the defects and
AJ vortices has to be considered. For magnetic fields, wh
the vortex cores of the AJ vortices start to overlap inL di-
rection, j c,T crossing the boundaries should be drastica
reduced. From the estimated core radius of the AJ vorti
longitudinal to the defect planes one yields an overlapping
the vortex cores at APB’s at fields between 24 and 12
(jL55 –7 nm) and at ED’s at fields between 2.6 T and 9
mT (jL515–25 nm). However, both estimates cannot e
plain the decrease ofj c,L at very small fields. In contrast to
the low-field behavior ofj c,T which is nicely understood
more investigations as well as theoretical work are neces
to understand the high-field behavior ofj c at arrays of planar
defects.

VII. ANGULAR DEPENDENCE OF j c

In the following section we determine the critical curre
as a function of its anglea j to the APB’s. The successiv
transition of the current density within the superconduct
film plane j (a j )5@ j T(a j ), j L(a j ),0# from j c,T5 j T(a j

re
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50 °) to j c,L5 j L(a j590 °) is investigated. By varying the
angle of j with respect to the APB’s plane we probe th
angular dependence of the pinning force of these planar
fects. For tailoring the flow direction of the current we u
the condition that the current flows parallel to the sam
edges.

For the measurement ofj (a j ), we used two YBCO films
on SrTiO3 ~106!. The first film (t5280 nm) was patterned
by chemical etching four 900-mm-wide squares having dif
ferently oriented film edges with respect to the APB’s. T
orientation of the square edges to theT direction of the
APB’s was varied by angles ofa j50, 15, 30, and 45 °.
Because of divj50 the current flows parallel to the film
edges with an anglea j to the APB’s. The second film wa
patterned to a disk with a radius ofR51 mm. By this disk
geometry, the angle of the current cover the full range

FIG. 8. Magneto-optically observed flux density distribution a
superimposed current stream lines of four squares patterned in
ferent orientations from one YBCO film on SrTiO3 ~106!. The mea-
surements were done atBex524 mT andT55 K. The anglesa j

between theT direction of the APB’s and one edge of the square
depicted at each image. In~a! and~b! the MOL has a defect which
is visible as a dark line.

FIG. 9. ~a! Magneto-optically observed flux density distributio
and superimposed current stream lines in a disk-shaped YBCO
grown on SrTiO3 ~106! at Bex528 mT andT55 K.
e-

e

0

<aj<360 ° with respect to the normal vectorn̂ (T direc-
tion! of the APB’s.

Figure 8 shows the magnetic-flux density distribution a
the superimposed current stream lines for the four YBC
squares with different orientations. The orientation of t
planar defects is visible by looking at the orientations of t
flux filaments. For all four squares the flux filaments a
oriented parallel to the boundaries. The mean anisotropy
tio of the current densities changes fromAj54(0 °), over
Aj52.6(15 °), Aj51.75(30 °) to Aj51(45 °). Qualita-
tively this can be recognized also from the shift of the t
discontinuity lines from a ‘‘doubleY’’ to an ‘‘ X’’-like pat-
tern. For the disk-shaped YBCO film, the magnetic-flux de
sity distribution and the superimposed current stream li
are visible in Fig. 9.

The angular dependence ofj c from the squares is depicte
in Fig. 10~a!. For the disku j cu(a j ) together with the current-
density componentsj L and j T flowing in theL andT direc-
tion, respectively, is plotted in Fig. 10~b!. The anglea j of
the current was determined by calculatingj L and j T by in-
version of Biot-Savart’s law from the flux distribution an
using a j5tan21( j L / j T). The values which are measured
the squares and the disk are very similar and the ang
dependence normalized to the value ata j590 ° is nearly the
same.

Remarkably, the observed angular dependence ofj c is not
given by the vector superposition of thej c,T(a j50 °) and
j c,L(a j590 °) components. This would result in the ellipt
cal angular dependence

if-

e

lm

FIG. 10. ~a! Angular dependence ofj c for the four differently
oriented squares visible in Fig. 8.~b! Angular dependence ofu j cu
and of the componentsj L and j T in the L andT directions, respec-
tively, for the disk of Fig. 9. In addition, the elliptical angular de
pendence following from Eqs.~7! is plotted as bold and broken
lines.
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j L~a j !5 j c,L cos~a j !,

j T~a j !5 j c,T sin~a j !,

j c~a j !5@ j c,L
2 cos2~a j !1 j c,T

2 sin2~a j !#
1/2, ~7!

which is plotted as bold (j c), dashed (j T) and dashed-dotted
lines (j L) in Fig. 10.

We will show in the following section that the deviatio
of the angular dependence from an elliptical one can be
derstood in terms of quasiparticle scattering in supercond
ors with anisotropic gap. The additional scattering which
curs for a current component crossing the defect planesa j
Þ90 °) results in a depletion of the superconducting cha
densityns between the planes. This affects not only the c
rent componentj T crossing the planes. The depletion ofns
modifies also the current componentj L flowing parallel to
the APB’s, which gives a stronger decrease thanj L
}cos(aj).

VIII. THEORY OF TRANSVERSE PINNING MECHANISMS

In order to analyze the observed angular dependencej c
together with the extraordinary largej c,L up 8.5
31011 A/m2 the possible transverse pinning mechanisms
vortices at APB’s are discussed in the following. We give
each pinning mechanism an approximate calculation of
transverse component of the pinning forcef p,T when probed
by an angular dependent driving force corresponding to
angular dependent current density. Pinning at planar def
may occur by magnetic interaction, where the deformation
the eddy currents of a vortex as a function of the distanc
the defect plane gives rise to a pinning potential.46 Core pin-
ning may take place by a direct suppression of supercon
tivity which gives rise to fluctuations inTc (dTc pinning!.
Another indirect mechanism also leads to a pinning poten
where the superconducting state is affected by the scatte
of quasiparticles. Whereas in isotropics-wave superconduct
ors nonmagnetic scattering affects only the kinetic energ
vortex eddy currents, in HTS’s elastic scattering results i
change of condensation energy due to the presence o
anisotropic gap.

A. Magnetic pinning

For the approximate calculation of the pinning force
vortices in an array of parallel oriented planar defects w
mean distance of'6 nm, we consider a single vorte
nearby a planar defect which energy is modified due t
deformation of the eddy current distribution at the bounda
According Gurevich and Cooley46 the transverse pinning
force of a vortex at a distancejab,x!jL is given by

f p,T~x!52
1

x
e0 , ~8!

where e05F0
2/(4pm0lab

2 ) is the self-energy of the vorte
line per unit length andlab denotes the magnetic penetratio
depth in the (ab) plane for a defect free superconductor.

For a vortex placed at a distance of some nm from
single APB interacting with the boundary by magnetic int
action one easily calculates from Eq.~8! longitudinal critical
n-
t-
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-

f
r
e

n
ts
f

to

c-

l,
ng

f
a
an

f
h

a
.

a
-

current densitiesj c,L'1 –231012 A/m2. However, compar-
ing the magnetic size of a vortex with the mean distan
between APB’s of 6 nm, the interaction of a vortex wi
several boundaries must be taken into account. Since t
retical simulations of this effect are not available at pres
and the maximum of the eddy current of a vortex parallel
the boundary is located at'A2jab from the core center we
regard Eq.~8! as rough approximation giving the corre
order of magnitude of the pinning force. Consequently, m
netic pinning may principally account for the observed lar
j c,L .

When exerting an angular dependent driving force on
vortex at a distancex0 to the boundary, the angular depe
dence of the pinning force according to Eq.~8! is given by
the angular variation of its distance to the APB’s planes
5x0 /cos(aj). This leads toj L} cos(aj) and thus results in
the same elliptical angular dependence as already given
Eq. ~7! and is in contradiction to the observed angular d
pendence in Fig. 10.

B. Core pinning by dTc effect

As already discussed in a former section, an Abrikos
vortex at a planar defect with a locally reduced transve
supercurrentj J,0, j 0 is strongly deformed and turns into
so-called Abrikosov-Josephson~AJ! vortex with highly an-
isotropic vortex core with a core radiusjL longitudinal to the
boundary given by Eq.~1!. We assume that the structure
the AJ vortex at the planar defect is completely determin
by the deformation of the vortex eddy currents and calcu
the order parameter around the vortex core from the cur
distribution of an AJ vortex in the framework of Ginzburg
Landau~GL! theory. Considering here only thedTc effect,
all additional effects of the boundary, e.g., a decrease of
Ginzburg-Landau coherence lengthjab due to quasiparticle
scattering are neglected.

The magnetic structure of the AJ vortex is obtained
slightly modifying a model of Gurevich and Cooley.46 In
extension to their model, our modification takes into acco
that the radius of the vortex corejT perpendicular to the
defect plane is finite. The field distribution of an AJ vortex
an infinitely thin planar defect atx50 is given in the frame-
work of London theory by

Bz2l2F ]2Bz

]x2
1

]2Bz

]y2 G5F0d~x!d~y!1
F0

2p

]w

]y
d~y!.

~9!

The second term on the right side of Eq.~9! takes the bound-
ary condition of a Josephson junction into account. In or
to calculate the structure of the vortex core in the framew
of Ginzburg-Landau theory we replaced(x)d(y) by a func-
tion W(x,y) resulting in a finite core size. It is chosen by th
condition that in the limitj J,0→ j 0 an isotropic Abrikosov
vortex is recovered by the theory. However, it is not nec
sary to calculate explicitlyW(x,y), since a special solution
of Eq. ~9! without the boundary term is given analytically b
Clem.48 We use the Green’s-function method to calculate
general solution of Eq.~9!.
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The phase kink of the AJ vortex at the planar defect
x50 is given byw(y)52tan21(y/jL)1p,46 and one obtains
approximately for smallx,y

Bz~x,y!5g lnF 4lab
2

@y21~ uxu1jL8 !21jT
2#1/2G22gC. ~10!

C'0.577 represents the Euler constant andg5F0/2plab
2 .

To obtain the correct isotropic limit, the longitudinal co
radius must be renormalized tojL85jL2jT . The structure
function f (x,y) of the vortex core, defined byC(x,y)
5 f (x,y)C` , is then calculated by GL theory:

f 2~x,y!5
2 j x~x,y!

C`
2 F2\e

m

]w~x,y!

]x
1

4e2

m
Ax~x,y!G . ~11!

The current-density componentsj x and j y are obtained from
Eq. ~10! by Ampère’s law, giving

j x~x,y!5
g

m0

22y

y21~ uxu1jL8 !21jT
2

, ~12!

j y~x,y!5
g

m0

2~ uxu1jL8 !sgn~x!

y21~ uxu1jL8 !21jT
2

.

The vector potentialA is obtained by numerically integratin
the field distribution Eq.~10! and using the Coulomb gauge
The derivative of the phase distributionw(x,y) is approxi-
mately given by

]w

]x
'

2e

\

@ j yAx2 j xAy#S ] j x

]x
y2

] j y

]x
x2 j yD

j x
21 j y

2
. ~13!

Figure 11 shows the calculated order parameterf (x,y)
5C(x,y)/C` for an anisotropy ratio of the vortex core o
jL /jab515.

The angular pinning force density is calculated using
lar coordinates (r ,a j ) from the maximum of the spatial de
rivative of the pinning potential by

f p~a j !5u]Up~a j ,r !/]r umax, ~14!

with

FIG. 11. Normalized order parameter at the vortex core of an
vortex at an infinitely thin planar defect withTc suppression. The
anisotropy of the vortex core isjL /jab515.
t

-

Up,Tc
5e0

Lp

t
f 2~r ,a j !

dTc

Tc
. ~15!

The pinning potentialUp,Tc
is generated by the variation o

the transition temperaturedTc /Tc at the planar defect. Sinc
a single APB is not extended through the entire film w
thicknesst along thec axis,Lp /t denotes the pinned part o
a vortex.

C. Quasiparticle scattering pinning

In the framework of microscopic quasiclassical pinni
theory, developed by Thuneberg22 and generalized by
Friesen,30 the pinning energy per unit length of an infinite
thin planar defect with transport scattering cross section
quasiparticless tr ,T transverse to the boundary is given by

Up~r !5j0s tr ,T

N~0!

2t
uDdu2f 2~r !F@r i ,^f~k!&#, ~16!

where the active scattering cross section per vortex at
boundary is estimated tos tr ,T5ptr ,T2jabLp . We consider
only the transverse component of the transport scatte
probability tensor and neglect diffuse scattering, soptr ,T
512t is determined by the transmission probability of t
plane t. Lp denotes the pinned length of a vortex,j0 the
BCS-coherence length, andt the thickness of the supercon
ducting film. The dimensionless functionF}12^f(k)& de-
pends as well on the Gorkov disorder parameterr i5j0 / l as
on the normalized symmetry function of the gapf(k). For a
pured-wave order parameter, the Fermi-surface average o
f(k)}kx

22ky
2 gives ^f&50 and thusF51 is maximized.

In contrast, for an isotropics-wave superconductor th
symmetry function isf(k)51 and the Fermi-surface ave
age giveŝ f&51. This leads toF50 and only a second
order term contributes to the pinning energy22

Up~r !5
2

3
j0s tr ,T

N~0!

t

]x~r i !

]r i
j0

3U]D~r !

]r U2

. ~17!

Here x(r i)'0.95(n50
` @(2n11)2(2n111r i)#21 repre-

sents the Gorkov function. Whereas in superconductors w
anisotropic gap, the order parameter is suppressed by q
particle scattering at small defects30 with size r p>kf

21

'0.1jab , nonmagnetic scattering in isotropic superco
ductor increases order-parameter gradients nearby a bo
ary and thus the kinetic energy of the eddy currents o
vortex. This is equivalent to a decrease of the Ginzbu
Landau coherence lengthjab(0)5j0Ax(r i)/1.36 or toHc3
effects at superconductor surfaces or interfaces.

For the calculation of the angular dependence ofj c we use
GL theory where the coarse graining over the length sc
jab gives

Up,d l5E d2r 8da~r 8!
Lp

t
C`

2 f ~r 2r 8!2, ~18!

for anisotropic and

Up,d l5
\2C`2

2m*
E d2r 8dx@r~r 8!#

Lp

t S ] f ~r 2r 8!

]r 8
D 2

~19!

J
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for isotropic gap.
In the case of anisotropic gap, the pinning potential E

~18! is due to quasiparticle scattering induced spatial va
tion of the first Ginzburg-Landau coefficientda(r 8)
54e2m0

2Hc
2lab

2 dx(r 8)/m* which we approximate by the
variation of the Gorkov functiondx$r i@ l (r )#% due to the
variation of the mean free pathl (r ). In addition, the conden
sate outside the vortex core and the boundaryC`

2

5m* /(4m0l2e)5ns@ l (r )# is depleted by the additional Q
scattering if a current component is crossing the bound
This leads to an overall reduction of the maximum curr
density j 0. Theory suggests28

ns}l22}~110.79G11/2!22, ~20!

considering ad-wave superconductor. The dimensionle
scattering parameter is given by G(a j )5\vF /
@2l (a j )kBTc)]; kB denoting the Boltzmann constant.

In the case of isotropic gap, the first-order term Eq.~18!
vanishes and the second-order term Eq.~19! gives a pinning
potential by the spatial variation ofdx(r ) leading to a varia-
tion of the kinetic energy. In this case,c` is not affected by
nonmagnetic scattering which is equivalent to the so-ca
Anderson theorem.25

The angular dependence of the single vortex pinning fo
is given by Eq.~14!. For the order parameter at the vorte
core an ansatzf 2(r )512exp(2r2/2jT

2) developed by
Welch49 was used, avoiding singularities in the integra
SettingjT51.85jab one yields the same maximum gradie
of f (r ) at the vortex core as in the model of Clem.48 The
angular mean free pathl (a j ) at a distancex0 from a single
planar defect with transport scattering probabilityptr ,T is
given by50

l ~r ,a j !5 l 0~12ptr ,Te[ 2s(a j )/ l 0] !, 290<a j<190 °,
~21!

wherel 0 denoting the mean free path without planar defe
due to background disorder ands(a j )5x0 /cos(aj) the varia-
tion of the distance to the boundary with anglea j . To ex-
tend this model to an array of planar defects, we consid
charge carrier at a positionx traveling between two plana
defects located atx1 and x2, both with the same transvers
transport scattering probabilityptr ,T . The summation law of
mean free paths isl 215 l 1

211 l 2
21, where l 1 and l 2 are ob-

tained from Eq.~21! respectively, giving

l ~x,a j !52l 0

~12ptr ,Te2s1/2l 0!~12ptr ,Te2s2/2l 0!

22ptr ,Tes1/2l 02ptr ,Tes2/2l 0
, ~22!

with s15ux2x1u/cosaj ands25ux2x2u/cosaj .

D. Comparison to experiment

Since our calculation of the angular dependence of
pinning force considers only the transversef p,T probed by an
angular dependent driving force, Fig. 12 shows the exp
mentally observedj L(a j ) in the range 90<a j<180 ° from
Fig. 10 together with the theoretical curves following fro
different pinning mechanism. FordTc pinning, the calcu-
lated j L(a j ) curves for different anisotropies of the vorte
corejL /jT51.8, 4.7, and 30 are depicted.
.
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s
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For the quasiparticle scattering pinning via kinetic ener
when the condensate is not depleted by scattering, thej L(a j )
is very similar to the curves obtained fromdTc pinning. All
of them exhibit an initial slope of (]/]a j ) j Lua j 590 °50
which obviously deviates from the measured data. The
culated angular dependence following from these two p
ning mechanism only slightly deviates fromj L} cos(aj)
which was proposed at first thought in Eq.~7! and which
follows also approximatively from magnetic pinning.

In contrast, the calculated angular dependence ofj L(a j )
for d l pinning via condensation energy describes well
measured data nearly in the full angular range. The str
decrease ofj L for increasinga j.90 ° reflects the additiona
scattering of quasiparticles when an increasing current c
ponent starts to cross the boundaries. This affects the w
condensate between the 6 nm spaced defects and thu
duces the longitudinal current densityj L for a j.90 °.

IX. ORDER-PARAMETER SUPPRESSION AT APB’S

In Ref. 12 we already presented the temperature dep
dence of both current componentsj c,T and j c,L . In addition
to the angular dependence ofj L the observed Ambegaokar
Baratoff-like temperature dependence51 of j c,T is an unam-
biguous indication for the presence of tunneling phenom
for the current crossing the boundaries and thus for an or
parameter suppression at APB’s. We want to come back n
to the observed magnitudes ofj c,L and j c,T and discuss the
order-parameter suppression at APB’s. This gives additio
evidence for the QP scattering pinning mechanism.

Let us first discuss a possible puredTc effect at the
APB’s. In general, there are some difficulties in explainin
how planar defects can exhibit large transverse pinn
forces together with relatively largej c,T . The longitudinal
critical current density is given for correlated pinning a
small magnetic fields by Eq.~14! in the limit a j→90 °,
yielding

j c,L5
1

F0
f p,T~a j590 °!'

e0

jabF0

Lp

t

dTc

Tc
. ~23!

FIG. 12. Comparison of measured and calculated angular de
dence ofj L for 90<a j<180 °. The measured data is represented
s for the disk and asL for the squares. FordTc pinning, j L(a j ) is
plotted with different anisotropiesjL /jT of the AJ-vortex core as
indicated in the plot~full lines!. The dotted line corresponds to th
d l pinning without pair breaking~isotropics wave! and the dashed
lines tod l pinning via condensation energy, when pair breaking
present.
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We already estimated11 that j c,L'831011 A/m2 would re-
quire at leastdTc /Tc'0.22 (dTc'20 K) when we assume
that the vortices are pinned over their full lengthLp /t51.
Realistic estimates of their pinned part~due to the finite
length of the APB’s parallel to thec axis! must assume a
much higherTc suppression ofdTc /Tc'0.3–0.4 in order to
explain the large observedj c,L . Modeling the defect plane a
a normal-superconducting interface, the variation of the
der parameterdc/dx'c` /b is given by the linear extrapo
lation length b.52 Using the expressionb'jab

2 /a ~Ref. 1!
with a lattice constant in the (ab) plane ofa50.39 nm, one
yieldsb'5.9 nm.11 In the framework of linear extrapolatio
and usingdTc /Tc'0.3–0.4, one obtains a length scale
order parameter suppression ofd'bdTc /Tc'1.8–2.4 nm
on each side of an APB. Comparing this length with t
mean distance of APB’s of'6 nm, a significant part of the
superconductivity in the YBCO films should be suppress
and the possibility of largej c,L seems to be questionabl
Moreover, theTc'89 K of these samples is only slightl
lower than theTc in YBCO single crystals.

Next, we want to analyze the relation between largej c,T
and strong transverse pinning in the framework of thedTc
effect. The Josephson tunneling current through a bound
j J,0 depends exponentially on the width of the tunneling b
rier d which can be estimated in linear approximation~for
small Tc suppressions! to bed'(dTc /Tc)b giving

j J,0' j 0e2d/b5 j 0e2dTc /Tc. ~24!

Consequently, an increasingdTc /Tc which is required in the
framework ofdTc pinning for largej c,L would necessarily
lead to a decreasingj c,T . According to Eqs.~3! and ~1!
together with Eq.~24! one obtains

j c,T}jL
21} j J,0}e2dTc /Tc, ~25!

and j c,T should decrease exponentially with increasing tra
verse pinning force~increasingj c,L). Figure 13 shows the
measuredj c,T , plotted as a function of the measuredj c,L for
YBCO films with APB’s of different structural widthr p .
The largestj c,T are observed at the samples wherej c,L has
extraordinary high values.431011 A/m2 at T55 K. This

FIG. 13. Correlation between the measuredj c,T and j c,L for
YBCO films having APB’s with a smallr p50.7 nm ~full circles!
and with APB’s exhibiting a larger structural width~ED’s! ~open
circles!. The data is also represented in Table I.
r-

f

d

ry
-
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observation is in contradiction to thedTc effect, where by
combining Eqs.~23! and ~25! one would expect

j c,T}e2 j c,L. ~26!

In contrast to thedTc effect, quasiparticle scattering pin
ning at APB’s can account for the largej c,L up 8.5
31011 A/m2 at 5 K aswell for the observedj c,T behavior
presented in Fig. 13. From the measured anisotropic m
free path ofl L'70 nm andl T'2 –6 nm in YBCO films on
nearly perfect SrTiO 3~106!, where l T corresponds to the
mean distance of APB’s, one obtainsptr ,T'1. Simulta-
neously, the scattering longitudinal to the boundaries is v
low for these films having APB’s withr p50.7 nm. Using
Equations~16! and ~17! together with Eq.~14! in the limit
a j→90 °, one hasj c,L'1012 A/m2 ~kinetic energy! and
j c,L'2.631012 A/m2 ~condensation energy! at T55 K.
Equations~18! and ~19! lead to similar results. Even if only
a finite part of the vorticesLp /t,1 is pinned at the APB’s
the observedj c,L is easily calculated by theory assuming Q
scattering pinning.

QP scattering at small defectsr p!j0 induces ind-wave
superconductors strong order-parameter suppressions.26 Con-
sequently, modeling an APB as a planar array of point sc
terers, the structural widthr p must not necessarily be in th
order ofj0 to obtain large transverse pinning forces. In a
dition, the length scale of the order-parameter suppressiod
may have smaller values compared to thedTc effect: A cal-
culation in the framework of microscopic quasiclassic
theory shows that the order parameter at a point scatt
may vary bydC/C`'1 on a length scale of two to thre
lattice spacings~0.78–1.2 nm!.26 Another argument is given
by a microscopic derivation of the GL equations53,54 which
shows that the the GL-coherence length

jab~0 K!'0.74j0Ax ~27!

is reduced by QP scattering. Thus sharp gradients of
order parameter are sustained by this mechanism.50 In Eq.
~27! x is denoting the Gorkov impurity function. Using thes
results, the behavior ofj c,L and j c,T in Fig. 13 is qualitatively
understood. As long as the current is flowing parallel to
boundaries andr p is small compared to the defect distanc
the order parameter between the 6 nm spaced APB’s is
affected by this mechanism compared to thedTc effect. Due
to a strong order-parameter suppression on a small le
scaled!j0 one has a largej c,L as well as largej c,T . This is
sketched qualitatively in Fig. 14. However, ifr p reaches
'2 nm, the order parameter at the ED’s is suppressed
length scaled, and in addition, the longitudinal scatterin
ptr ,L may not be neglected any more, especially for bou
aries with roughness and kinks. This leads to a scatte
induced overall reduction of the superconducting charge d
sity as already observed by others.24

X. CONCLUSIONS

To summarize our results, planar defects as APB’s rep
sent very effective pinning sites for correlated pinning
vortices in HTS’s and can account to carry critical curre
up to 30% of the depairing current longitudinal to the defe
The combined investigation of magnitude and angular
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pendence ofj c in our model system of parallel oriented pl
nar APB’s with smallr p demonstrates the QP scattering
the dominant pinning mechanism being responsible for
extraordinary large magnitude ofj c,L . Since ptr ,T is large
andptr ,L is low, this effect causes a suppression of the tra
verse order parameter on a smaller length scale compare
dTc pinning and thus strong transverse pinning. In contr
due to the smooth interface which is confirmed by the la
l L and the Ambegaokar-Baratoff like temperature dep
dence ofj c,T,12 the longitudinal order parameter is little a
fected by quasiparticle scattering as long as the curren
flowing parallel to the boundaries. The strong drop ofj L(a j )
by slightly changing the direction of the current flow co
firms that a low scattering rate is crucial for the largej c,L
since pair breaking would reduce the superfluid density iL
direction and limitj c,L by depairing.

Considering j c,T , we made the remarkable observati
that j c,T52 –331011 A/m2 reaches values which are typ
cally observed in high quality YBCO films on well oriente
single-crystalline substrates. For this largej c,T a small struc-
tural width of the APB’s ofr p50.7 nm is essential. The
drop of j c,T to values<1011 A/m2 by introducing ED’s
with r p'2 nm into the system lead to conclusions for t
transport properties of general grain boundaries. It w

FIG. 14. Schematic drawing of the order-parameter suppres
due to ~a! dTc effect and~b! quasiparticle scattering at a plan
defect.
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shown by Zandbergen, van den Berg, and Kes55 that the
atomic distortions of~100! mirror twin boundaries are re
stricted to two unit cells corresponding to ar p of APB’s. In
contrast,r p of @100# rotation twin boundaries is larger due t
misfit dislocations. A suppression ofj c,T to a half of the bulk
j c was reported at TB’s in YBCO single crystals.8 However,
a systematic study of the effect of dislocations andr p varia-
tions on j c at TB’s is still lacking.

At small-angle tilt boundaries, the atomic distortions a
strongly localized in dislocation cores where the Cu~1! va-
lence is varying on a length scale of 1 nm.18 At the same
time the boundary sections between the dislocation cores
atomically sharp. Comparing SAGB’s with APB’s, we co
clude that the current limiting properties come from the d
location cores with a largerr p compared to the boundar
itself. A model worked out on this basis, e.g., by Gurevi
and Pashitskii,17 successfully describes the exponential d
crease ofj c with grain-boundary angle due to the increasi
dislocation content. Our own results in this paper sugge
that quasiparticle scattering does not significantly reduce
transverse j c at smooth and sharp boundaries withr p
,1 nm. In contrast, if the distorted regions reachr p
.1 nm, a drop ofj c takes place due to a pronounced ord
parameter suppression on a larger length scale.

Considering the question whether planar defects cont
ute to the large pinning in epitaxial YBCO films on we
oriented single-crystalline~001! substrates or not, we con
clude that a network of planar defects separating the in
vidual growth islands and additional intragranular planar
fects as TB’s or APB’s may be well suited to explain th
observedj c51 –331011 A/m2 at 5 K and at not too large
magnetic fields. It is necessary to emphasize thatj c,L up to
'30% of the depairing current is observed only, if one co
bines strong transverse pinning together with a low scat
ing rateptr ,L( l L'70 nm) parallel to the current flow. If this
is not the case,j c may be limited due to a QP scatterin
induced overall depletion of the superconducting condens
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