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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 irCtB@; _ s films. Parallel
oriented planar antiphase boundarid®B’s) generated in epitaxial thin films grown on vicinal Srgi@071),
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 dgnsitp to
~30% of the depairing current parallel to the APB’s. Remarkably, also the trangyerseossing 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 of, r 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
jc,L andj. 1 prove that pinning at APB’s is dominated by quasiparticle scattering induced variation of con-
densation energy, characteristic of superconductors with anisotropic order parameter.

I. INTRODUCTION nar defects may exhibit a complex and sometimes contradic-
tory behavior with respect to the critical state properties.
Generally, in type-1l superconductors the critical currentTwin boundaries(TB’s) in single crystals represent strong
is a measure of a volume pinning force exerted to the vortipinning sites for vortices perpendicular to the bounddry.
ces by defects in the crystal lattice. The larggst(1-3)  On the other hand, TB’s may give rise to vortex channeling
X101 A/m? at T=5 K [j.~(2—6)x10° A/m? at T  along the boundary plafi€’ and reducg.r. A somewhat
=77 K] in high-temperature superconductaisTS’s) are  different behavior was observed at antiphase boundaries
usually observed in highly textured epitaxial Y&a,0,_, (APB’s) in thin films1®'! The longitudinal critical current
(YBCO) films on single-crystalline substrates grown far densityj., in an array of parallel oriented APB’s exhibits
from thermal equilibrium, e.g., by pulsed laser deposition orextraordinary large values up to 30% of the depairing cur-
sputtering. Due to the complex microstructure with a highrent. Remarkably, at the same time, the transvgrsecross-
density of different lattice defects as well within as betweening the boundaries reaches the values jft~1-3
the growth islands, it is very difficult to identify the most X 10 A/m? (5 K) usually being observed in highly tex-
effective pinning sites. Correlated disorder in the crystal lattured YBCO epitaxial films on well oriented single-
tice, such as columnar and planar defects, allows a proparystalline substrate'.
alignment of the vortex system with the defect structure re- For small-angle grain boundari€SAGB’s), it was shown
sulting in higher pinning forces compared to collective pin-recently that the dislocation cores represent strong pinning
ning at pointlike defects Consequently, one-dimensional sites forjcyT.13 Simultaneously, it is well known that the
correlated disorder generated by, e.g., screw dislocationscritical current density in HTS's is strongly depressed at
edge dislocationddislocation chaind or irradiation induced grain boundarie$GB's) (Ref. 14 which behave fundamen-
columnar defecfshas been attributed to strong pinning of tally  different compared to GB’'s in metallic
vortices in order to explain the large observed critical currensuperconductors. The upper limit of the intergranulay,
densities. decreases exponentially with the tilt angle of GB's!®pos-
With respect to island growth related planar defectssibly related to the increasing dislocation contErithere is
highly textured epitaxial YBCO films with largg, can be some evidence for charge-carrier depletion at GB
imaged as a network of planar defects. For the understandirgjslocations® which may result in band bending?° The
of the pinning properties of two-dimensional correlated dis-weak link behavior forf=10-15 ° is attributed to the over-
order a profound investigation of the transverse critical curdapping of the atomic distortions of dislocation cores at some
rentj. r as well asj. longitudinal to high current carrying critical angled, .?* The observation of strong transverse vor-
boundaries is essential. In the following, the directions whichtex pinning at boundaries with a very low dislocation content
are transverse and longitudinal to boundafiesth perpen- (such as TB’s and APB)sindicates that the interface itself
dicular toc axig) will be calledL andT, respectively. It is represents a strong pinning site for vortices. In view of the
already known from twin and antiphase boundaries that plastrong pinning properties together with the observed rela-
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tively large transverse critical currents at APB?sthe ques-

tion arises whether a dislocation free boundary is suppress-
ing superconductivity and, in addition, which interaction
mechanism between vortices and such boundaries are domi-
nant and can explain the observed longitudinal and trans-
verse transport properties.

Microscopic theor§? suggests two fundamentally differ-
ent mechanisms giving rise to a suppression of the pairing
amplitude at GB’s in HTS's{i) a direct weakening of the oness  Ba-Subunitcell
superconducting condensate by local variations in the cou- Y Y-Subunitcell
pling constant of the pairs, e.g., due to hole depletion. With ) . o
respect to pinning of vortices, this effect is usually called FIG. _1. Schemat!c drawing of the cross sectioidirection Qf
ST, pinning due to the local variation of the transition tem- YBCO films on SrTiQ (106 substrates with the observed micro-
peratureT, at the boundary(ii) An indirect influence of the Ztr”c,t”re' Due to partial overgrowth the mean distance between
boundary on the superconducting condensate by scattering FB s perpendicular to the defect plane is three to four times larger

uasiparticlesQP’s). This gives rise to a local variation of %an the terrace width of 2.3 nm on the SrfiGubstrate. The
9 P ’ 9 . - .. APB'’s are extended along tleeaxis over some unit cells of YBCO.
the QP mean free path With respect to pinning this is

L o - They are terminated by the inclusion of a stacking f48F) in the
called 1 _pmn'ng' In supercongjucyors with isotropic gap the (002 plane simultaneously creating a new APB in a region which is
ol effect influences only the kinetic energy of supercurrentsgpitted some nm in transverse direction.

In superconductors with anisotropic gae.g., d wave?),
elastic scattering is able to deplete the conden&ate, for  first kind of YBCO films are grown on almost perfect and
point defects, Ref. 26and the Anderson theoréis not  stable SrTiQ (106) surfaces and exhibit a very regular array
applicable. Consequently, QP scattering may reduce locallyf APB's with small structural width of ,~0.7 nm. The
the order parameter similar to tisd ; effect. Different recent  second kind of films are grown on SrTiGurfaces which
work show that the condensate is very sensitive to nonmagieviate significantly from thé106) surface. In addition to
netic scattering and the superconducting charge density  the APB'’s, such films exhibit a larger density of APB’s with
significantly reduced by QP scattering wherdasremains increased distorted regian~2 nm.
more stablé"**~**For large-angle GB's in YBCO the pres-  The SiTiQ (106 surface is created by cutting SFTjO
ence of scattering induced localized quasiparticle boungpoz) by an angle of 9.46 ° toward910] [off (001)]. After
states was proven by tunneling experimefits contrast to  UHV annealing at 930 °C, the surface reconstructs in a very
oT. pinning, where defects of dimensions of at least theregular terrace structure, elongated[k00] direction with
coherence length are required for effective pinning, the de2 3-nm-wide terracegorresponding to six lattice parameters
feCt Size fOf QP Scattering pinn.ing'may be mUCh Sméﬂép Of SrT|03 aSTO: 0.39 nm)’ Separated by StepS, most|y
Recently, we showed that pinning at growth induced pla-z ., high. YBCO films which are deposited by pulsed laser
nar APB’s with structural Wldthp=07 nm in YBCO thin deposition on such substrates are growing by Step flow
films is dominated by quasiparticle scattering induced variagrowth mode resulting in a well defined microstructure being
tion of condensation enel’dﬁ.ln this article we extend this dominated by p|anar APB'’s. The Se|f-organized defect struc-
study of pinning mechanism at the model system with planagyre is summarized in Fig. 1 and extensively described in
APB’s and present measurements on the anisotrppiat  Ref. 11. The planar APB's are oriented parallel to thexis
planar defects with different,. This allows an analysis of and have a mean distance of 6 nm transvéFséo the defect
the factors determining. + andj. . The article is organized planes(parallel[010]). In longitudinal(L) direction (parallel
as described in the foIIOWing: Sections Il and 11l give a brief [100]) the films are very well ordered due to the para||e|
summary of the microstructure of the YBCO films and theorientation of the APB planes and the partial suppression of
experimental techniques. Section IV presents the observeglinning®® [the b axis of YBCO is mainly (70%) oriented
anisotropic current distribution in YBCO films with a nearly along L]. The width of the APB’sr,~0.7 nm is much
perfect array of APB’s wittr,=0.7 nm. The dependence of smaller than the coherence length of YBGQ,~1.5 nm.
jer onry, is analyzed in Sec. V and Sec. VI gives the Thjs anisotropic microstructure is well reflected in the mean
magnetic-field dependence of both current compongnts  free path of the charge carriers. Whereas the mean free path
andj¢ . In Sec. VIl we present data on the angular depenin transverse directioh;~2—6 nm corresponds well to the
dence ofj. at planar defects and give details of the calcula-mean distance between planar APB’s, the mean free path in
tion of the angular pinning force in Sec. VIII. Section IX |ongitudinal directionl, ~70 nm reaches the values of
gives evidence on the length scale of the order-parametefBCO single crystals. With this very well defined micro-
suppression at APB’s of different structural widthand in structure YBCO films on SrTiQ(106) represent an excellent
Sec. X we derive some conclusions. model system for the investigation of vortex pinning and
pinning mechanism at planar defects in HTS with a low dis-
location density. Related to the termination and creation of
APB’s by stacking faults, there is a small number of partial
For the investigation of vortex pinning at planar defectsdislocations with burgers vectdr=%(0,0,1). Since the dis-
we used two different kinds of YBCO films, both with a high location lines are oriented paralldl00] they are unfavorable
density of parallel oriented antiphase boundaries, but differfor pinning of vortices| ¢ axis.
ing in the structural width and smoothness of the APB’s. The Notably, a slight deviation of the miscut angle from

Il. MICROSTRUCTURE



PRB 61 PINNING MECHANISM OF VORTICES AT ANTIPHAE . .. 12 435

D S
\ /
/i
- 2000
- g FIG. 2. Magneto-optically observed flux den-
/ - 0 > sity distribution in a square-shaped, 55-nm-thick
2 / e YBCO film on SrTiQ, (106) at B,,=24 mT and
= T=5 K. The gray scale from black to white cor-
y, T responds to the perpendicular magnetic flux from
V. / - —2000 zero to the maximum. Full lines are indicating the
X, L |f current path and additionally current density pro-
> = . 5 : '0 '5' = files are plotted along the dashed lines.
1 1 1
2x10" | {\ 1 o a/m?)
- 4 . 2
o R I I Jy (A/m®)
—2x10"! -\\l} \.,,./*1{\"] 4
-2000 0 2000
x (um)

figea=9,5° as well as a change in the miscut orientationBiot-Savart’s law by convolution theorem. This method is
from [010] drastically affects the SrTiDsurface after UHV  described in detail in Ref. 35. It allows a fast determination
annealing. A deviation fron®;4., by =0.5° generates an of the current-density distribution with a slightly reduced
increasing number of macrosteps of a height of sevaya).  spatial resolution compared to that of the measigdue to
In the vicinity of macrosteps on the substrate surface theoise reduction and an accuracy in determinjg,y) of
YBCO films exhibit planar defects similar to APB’s but with ~5%.
an extended distorted regiog~2 nm which drastically in- The magnetization measurements were done by a super
fluence the critical current density. In order to distinguishconducting quantum interference devi@QUID) magneto-
these APB’s with extendex, from the APB’s with small,  meter by zero-field cooling and applying an external field
we call them extended defectED’s). A larger density of normal to the film plane.
ED’s due to macrosteps was also observed in YBCO films
grown on 9.5° miscut SrTiQwhere the annealing tempera- IV. ANISOTROPIC CRITICAL CURRENTS
ture was reduced to 760—800 °C. Moreover, when deviating
from the[010] miscut orientation by small angles of 1-5°,  The flux and current-density distribution of thin square-
kinks and macro-steps are formed on the surface. We olshaped superconductors with anisotropic critical current was
served that YBCO films on surfaces with a large number oftudied theoretically®*" by qualitative experiment&“+2and
kinks and macro steps are strongly disordered resulting iguantitative magneto-optics using inversion of Biot-Savart’s
poor critical current densities. law*® Figure 2 shows a quantitative analysis of the
current-density distribution superposition of a 55-nm-thick
YBCO film grown on perfect SrTiQ (106). The magneto-
optically observed magnetic-flux density distribution is de-
The measurement of the normal magnetic-flux distribu-picted as a gray scale image together with the current stream-
tion B, at the surface of all samples was performed bylines and two profiles of the current densit{esrresponding
magneto-optical measurements using ferrimagnetic iron gate j, in Fig. 2) and transversg,) to the APB’s.
net indicators with in-plane anisotropy. In one c#éBay. 3 Due to the anisotropic pinning force of the planar APB’s
we used EuSe as magneto-optical active la)®L) to in-  the flux penetrates more easilylirdirection than inT direc-
crease the spatial resolution. The details of the magnetdion. This is visible in Fig. 2 although the flux and current-
optical microscope are described in Refs. 32 and 33. Thdensity distribution is drastically different from one observed
light intensity distribution was measured by means of ain a homogeneous YBCO square with anisotropic
charge-coupled device cametdlamamatsu C4880with  pinning'***"(see also, for comparison, Figs. 3 and due
1000< 1018 pixel resolution. The calibration into the to a macroscopic scratct8), some growth distortionsY),
magnetic-flux density distribution was done with two differ- and some other large defects with a diameter of some
ent nonlinear calibration functions for both different MOL's. um (F). The macroscopic scratd®) divides the square-
The calibration is described in Ref. 34. sample in two parts which are only weakly connected by the
The measurements were done by zero-field codiiiC)  flowing supercurrents. The large defe¢t in the region
the sample and afterwards applying an external field normalhere the flux penetrates indirection give rise to large flux
to the film plane. For the determination of the current densityfilaments which are extended macroscopically towards the
j=(ix,jy,0) within the film plane, we used an inversion of center of the sample.

IIl. EXPERIMENT
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TABLE |I. Summary of the properties of different samples with
planar APB’s(see text The critical current densitieg | andj. t
are determined by magneto-optics Bf,=40 mT andT=5 K.
Sincej 1 exhibits large variations within a sample due to its strong
local-field dependence, we give an average valuge. The anisot-

ropy ratio is defined adj=j. /j.r andt denotes the thickness of
the YBCO films.T, of all samples is between 89 and 91 K.

N, AND H. KRONMULER PRB 61

Sample t JelL jor KJ substrate

(nm) 10" (A/m?) 10" (A/m?) surface
S1 22 55 1.4 3.92 (106
S2 55 8.5 2.0 4.25 (106 9
S3 240 8.0 3.0 2.66 (106 0,25 mm
S4 375 4.1 1.9 2.15 (106 PR G
S5 320 2.7 0.9 30 KMS FIG. 3. (a) Flux density distribution of a square-shaped, 170-
S6 155 25 0.6 4.2 MS nm-thick YBCO film (S11) on 9.5° SrTiQ atB.,=66.4 mT and
S7 110 2.2 0.3 7.3 MS T=5 K observed by means of EuSe as magneto-optical layer. The
S8 100 1.6 0.5 32 KMS gray scale from black to white corresponds to the perpendicular
S9 70 1.0 0.25 4.0 KMS magnetic flux from zero to the maximum.
S10 180 15 0.38 3.9 KMS o o )

exhibits a fine filamentary pattern. The flux filaments are

S11 170 3.0 1.0 3.0 IRMS oriented inL direction and extend macroscopically from the
S12 150 17 0.9 19 IRMS film edge towards the center of the sample. The mean dis-

Despite these effects influencing the pattern of the cur

tance of the flux filaments inT direction is with Ax
~60 um much larger than the mean distance of APB's.
Almost all of the filaments despite those marked vktlare

rent, it is clearly visible in the current-density profile, that the extended macroscopically over a size of several mm with
magnitude ofj¢, flowinglin thezL direction is exceptionally  origin at those two film edges which are oriented perpendicu-
large up toj =8.5x 10" A/m?. This is almost 30% of the |ar to the APB's. Frequently, the filaments which originate

depairing current density in YBCO gf,~3x 10 A/m?.
Moreover, also the critical current density ih direction
je7=2-3%x10" A/m? is astonishingly large. Althougp 1
has to cross the defect planes of the APB’s, its magnitud
corresponds to thg, observed in high quality YBCO films
on well oriented single-crystalline substrates.

Table | shows the properties of different YBCO films on
nearly perfect SrTi@ (106) (samples S1-S4as well as on

from opposite film edges have coincident positions at both
flux fronts in the central part of the film. Generally, flux
filaments may occur due to two fundamentally different rea-
€eons: First, the presence of planar defects with distance
where the longitudinal pinning, respectively the transverse
critical current density is reduced compared to the area out-
side the defect plane. From transmission electron microscope
(TEM) and scanning tunneling microscoff&T M) investiga-

substrates where the miscut angle and miscut direction attons of the YBCO films we conclude that the filaments are

deviating= = 0.5 ° from the values for an ideél06) surface

related to the APB’s with extended structural wid&D’s).

(samples S5-S10The substrate surface of samples S6 andsecond, large defects with size of sopam where the criti-

S7 exhibits a higher density of macrostéptS). Samples S5

cal current has to flow around may generate flux filaments in

and S8-S10 have kinks at the terrace edges of the substratens with anisotropicj.. The parabolic discontinuity lines

surface due to a deviation of the miscut frg61.0] which
also leads to the presence of MS. In addition, two sample

extending from such defects towards the sample center due
t the bending of the currents are well known from super-

(S11 and S1pare presented where the 9.5 ° miscut substratgonductors with isotropig..>*** In case of an anisotropic

surface was annealed at 760 fi@stead of 930 °C) and the
surface remains more irreguldR) with a higher density of
macrosteps.

Extraordinary largg. as well as nicg .t are reached
only for YBCO films on almost perfectl06) surfaces. In
case of the samples S5—-S8, not oj\ly is reduced to mag-
nitudes below 18 A/m? due to the extended distorted re-
gion of the ED’s. Remarkablyj,. | is also depressed to or-
dinary values.

V. FLUX FILAMENTS AND LONGITUDINAL PINNING
FORCE

In addition to some large flux filament&), the flux den-
sity in the regions of longitudinal flux penetration in Fig. 2

jc, these parabolas degenerate to a couple of narrow, almost
parallel lineé® which look similar to the filamentary flux
pattern at planar weak links, however, are not extended over
the entire sample alonlg. In Fig. 2 almost all flux filaments
are related to the ED’s despite those which are marked with
(F). This is also confirmed by the flux distributions in Figs.
8 and 9 where the filaments are always parallel to the APB’s
although the angle of the current is chandgsee Sec. VI

The filamentary flux pattern longitudinal to the bound-
aries is much more clearly visible in Fig. 3. It shows the
magnetic-flux distribution of a YBCO film on 9.5° miscut
SrTiO; where the substrate was annealed at a lower tempera-
ture T=760°C before depositing the YBCO. This YBCO
film exhibits a higher density of ED’s and the filamentary
flux pattern is more pronounced compared to Fig. 2. The
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ED ED whereas the transverse core radius remains at a &ize

%\/Egab-

The longitudinal pinning force per unit lengfh | acting

on AJ vortices would vanish for a perfectly homogenous
) planar defect. A nonvanishing,, results from inhomo-
ARB’S geneities of ; o, e.g., due to variations in the structural width
r, of the APB’s or in their extensions along axis. A
I modef® based on the variation of the Josephson coupling
JINL { energy of AJ vortices as a function of position within a pla-
Tl ] nar defect gives
HANT O] Flux front /
O AWN N L
Lol i ™ f o =8y60—— )
i J p,L J 0L2+ 51
Edge i SRR with inhomogeneity sizeL and disorder parametes;
AL =0j30/i30- The line energy of the vortex line is given by
Ad-vortices eo=D35/(4muo\2,). The longitudinal pinning force has a
T maximum whenL becomes of the order of the longitudinal
L

core size¢ . Assuming a distribution of inhomogeneity

FIG. 4. Sketch of the longitudinal flux penetration in a YBCO |€ngthsL and that the AJ vortices always take that pinning
film on SFTiO; (106 with parallel oriented planar defectaPB's).  Site with maximumf,,, , one may seL.~§, and Eq.(2)
Some of them have a lower longitudinal pinning fof&D’s). The  gIVES
density of antiphase boundarié® nm) is much larger than indi-
cated in the drawing. The white area is filled by magnetic flux fo~gue i 3)
whereas the dark area is still flux free. Ellipses represent PLTH °2§,_'

Abrikosov-Josephson vortices with different anisotropies. . N .
P P This means that the longitudinal pinning force decreases

magneto-optical measurement was performed with EuSe Auith increasing anisotropy of the AJ vprtices. Since the Jo-
MOL in order to obtain a higher spatial resolution ofun. ~ S€Phson current of a planar defect with large(ED's) is
The filamentary flux pattern exists only in the ared_gfen- ~ Smaller than that of an APB, according to H@) the AJ
etration of the flux, whereas in the regionbpenetration no  Vortices at ED's display larger anisotropies and the of
filamentary structure is visible. The probability that the po-ED’S is smaller than thé,  of APB’s. Within the frame-
sition of a filament in the upper half of the film in Fig. 3 is WOrk of this simple model, using. r values from Table |
corelated to the position of a filament in the lower half is@nd assuming;~0.5 one obtains for the longitudinal core

P=65%. radius of the AJ vortices ~5-7 nm at APB’s andf_
The mean distance between two filamentsTidirection ~ ~15-25 nm at ED’s.

in Fig. 3isAx=31 um which is a factor 2 lower than in the

sample on carefully oriented SrTiQ106) in Fig. 2. We VI. FIELD DEPENDENCE OF j,

O e e The presence of plarar APBS and ED' wit iferer
deviate from the ideal SITID(106) surface due to an in- structural width and different longitudinal pinning is also

. 0 ; " reflected by the magnetic-field dependence of the transverse
creasing number of macrosteps and irregularities on the sub-

; . Critical currentj.t. According to a model proposed by
strate surface. Together_W|th a more pronounced ma.menta%urevich and Cobleffs the weakly pinned AJ vortices in the
flux pattern and decreasinigx we observe a decrease efr ED’s are stabilized by the stronger pinned vortices in their
by a factor of 2(see Table)l

The microstructure consisting of two kinds of planar de_ne|ghborhood, which gives
f_ects with different Iongitgdin_al pinni_ng fc_Jrce_ and the rela_lted iet=]c ED+C\/B—2- (4
filamentary flux penetration in thie direction is sketched in ’ ’
Fig. 4. In the following the strengthening of the filaments At low local magnetic-flux densities, the transverse critical
and the decrease §f 1 with increasing structural width of current is given by the lower longitudinal pinning forég,
the planar defects is discussed by applying a model ofED) of the ED’s,
Gurevich and Coole$? At planar defects where the micro- ) .
scopic eddy current of vortices is reduced from thelk) Jeep=fpL(ED)/Dq. ®)

depairing currenf, to the Josephson curreffo, the Abri-  With increasingB, the weaker pinned anisotropic AJ vorti-
kosov vortices turn into anisotropic Abrikosov vortices with ces at the ED’s are stabilized by the AJ vortices at the APB's
a highly anisotropic Josephson core. The vortex core of suclyith higher longitudinal pinning force by magnetic interac-
Abikosov-JosephsofAJ) vortices is elongated along the pla- tion. Thus j; should increase with increasing local flux

nar defect with a core radius of density approximately up to a value which is given by the
V3 stronger pinning of the APB's.
:E Jo 1 The field dependence ¢f was investigated by magneto-
&L &ab, 1) : : .
4 Jyo optical measurements which enable us to a sepafai@,)
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> FIG. 5. Flux density distribution in a square-
shaped, 320-nm-thick YBCO filniS5 on a not
L _500 perfectly developed SrTiQ (106) at By
=48 mT andT=5 K. Full lines are indicating

the current path and, in addition, the current den-
- =4 L —1000 sity profiles are plotted along the dashed lines.

'16500?’1 Three dark spots are distortions in the MOL.
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andj. 1(B,) up to external fields oB,,=200 mT. The av- cal field. The increasing part g, (B) at smallB, repre-

eragej_c(Bex) was measured up to field§ & T by means of sents the cross over from the screening currgty . in the

a SQUID magnetometer where a separation of the aniscﬂuxsfree ?rr]ea of tlhe ts'amp:ceﬂt]q the Cr'tt.'tC?.I currenlts.' f1h
tropic currents is not possible. The investigations were per: ince he appication of this quantitative analysis of the
formed on a square-shaped 320-nm-thick YBCO film 0cal-field dependence gt is restricted td3,<120 mT due
(sample Sbdeposited on a not perfectly developed SriO E.O tTe dot'plseg.?: saturat_lort1hof ft.h:edlzjon ga&net MOfL*’J V\t’ﬁ Inves- ¢
(106) surface. The magnetic flux and current distribution for Igated the difierénce In the neld dependence of both curren
B.,=48 mT is visible in Fig. 5. In this film the mean dis- COMPOnents by the change of the mean anisotropy Fgfio

tance between two flux filaments dx~30 um. Note that
they are almost invisible in Fig. 5 due to a lower resolution 3x10'"! [
of the image compared to Fig. 3.

Figure Ga) shows the dependence joft andj.  on the [
local magnetic-flux density, in the YBCO sample repre- 2x10"" |
sented in Fig. 5. The curves have been obtained at different i, (A/m?) I
external fields by the following method: The flux density [
distributionB,(x,y) was measured for each applied external 10"+
field Bgy and the corresponding current-density distributions [,
jer(x,y) andj. (x,y) have been determined by inversion I ]
of Biot-Savart’s law. Afterwards for each fixds},, the range o ' —
of the localB,(x,y) from its minimum to its maximum was
divided in 100 channels and for the entire film the average B, (M
jc 1, respectivelyj., was determined in eadB, channel.

Within the experimental accuracy all curves determined R v ' ' '
for differentB,, in Fig. 6(@) yield a unique local-field depen- 3+ ®) |
dence forj. t andj., , respectively. The transverse critical 25 x
current is enhanced with increasing local fiddd up to A, x
B, max=95 mT. Thej.t enhancement with increasing flux
density from the flux front towards the film edges is also 1.5 ok
visible in the current-density profile gf,(y) in Fig. 5. In 1 ! ! ! !
Fig. 6@ j.1(B,) displays an increase in the field range 0O 0.05 0.1 015 02
<B,<10 mT followed by a smooth further enhancement at Bex (M

IargerBz. Th|§ beh.aV|0r is not descrlged by Ed) which is FIG. 6. (8) Dependence of. 1 andj, . on the local magnet flux
valid for mediate fieldB.,<B,<B,.”™ Therefore only the  yensityB, at different external field8,,=32, 40, 48, 56.8, 64,
smpothly_ increasing part of; 7(B,) was fitted by Eq.(4)  and 80 mT andr=5 K determined as described in the text. The
giving  joep=5.6x10"° A/m* and c=1.6x10"" A/ theoretical curve is calculated from Ed4) with j;gp=5.6
(m? TY3. In fact, for B,—~0 the measuredjcep~3  x10°° A/m? and c=1.6x 10" A/(m? T¥3). (b) Change of the
X 10" A/m? is significantly smaller than the result of the fit. anisotropy ratioA; of the critical currents as a function of the ap-
In contrast toj . 1(B,),j¢ L (B;) decreases with increasing lo- plied external fieldB,, at 5 K.

T
X
{
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FIG. 7. (@) Low-field magnetization curves of the sampig5)
presented in Fig. 5 for different temperaturesT

=5, 15, 25, 35, 46, 55, 64, 76, and 85 K. For each temperature

the samples was cooled down frof>T, in zero field and a full
hysteresis was measurdt)) High-field magnetization curve of the
same sample &=5 K.

=je/jcr- According to Forkl and Kronriler® in square-
shaped filmsA; can be determined by observing the angle
between a discontinuity line and a square e¢grallel to
je,). Simple geometrical considerations lead

effects both related to the increasejgf with local field: (i)
With increasingB,, the B, distribution in the film is shifted
to larger fields yielding a larger averaggr . (i) Due to the
decreasingA;(Be,) the discontinuity lines are moved to-
wards the sample center and the area where the |ages
flowing is increased. However, sindé«r X | the currents at
the sample edges mainly contribute kb and (i) should
dominate ove(ii). Within this assumption, one derives from
magnetization measurement, thgty at the sample edges
reaches its maximum &.,~125 mT at 5 K. Using the fit
of Eq. (4) and assumin®, .x~125 mT we yield a maxi-
mum j, 1~1.2x 10 A/m?. This represents the maximum
jc,7 crossing the ED’s where the pinning of the AJ vortices is
stabilized by magnetic interaction of stronger pinned AJ vor-
tices at APB’s.

Finally, we want to discuss the high-field behavior\f
in Fig. 7(b) together with the average critical current density
jc in the film. Since the magnetization measurement mea-
sures mainly the currents at the film edges, the different sizes
of the areas wherg; | or j. 1 is flowing can be neglected
and one has

- jc,L+jc,T 3M
Jo~——~ (6)

wherew denotes the half sample width. For the maximum
M=60 T at 5 K andB.,=125 mT one obtains'_c~1.6
X 10"t A/m2. This result agrees with the average=1.55
X 10" A/m? using thej., andj 1 values from Fig. 6a) at
B,=90 mT. FromM (B, in Fig. 7(b) follows, that the av-
erage critical current is reduced fg~0.3x 10! A/m? at
B.,=5 T. However, it cannot be detected by this measure-

ment whethej, orj. 1 is more sensitive on large magnetic
fields.

= 1l/tana. This method enables an observation of the anisot- The strong-field dependence pf, in Fig. 6(a) already
ropy ratio even for magnetic fields where the MOL is alreadyoccurring for small fields seems to be surprising if one con-
saturated. It has the disadvantage that one is restricted &iders the matching fiel®* ~60 T of an array of APB’s

determine an average value Af for eachB,,. Figure Gb)
shows the anisotropy rati; at different applied external
fields up to 200 mT at 5 K. The increase joft with local
field together with the decrease pf, results in a drastic
decrease of the mean anisotropy rajowith increasing ex-
ternal field.

The increase of . t with increasing field is also reflected
by the magnetization curves presented in Fig. 7. Figuag 7
shows the magnetizatiod normal to the film plane for dif-
ferent temperatures in a magnetic field range B,
=+300 mT. In Fig. Tb) the M (B,,) hysteresis is presented
for applied fields up tot5 T at 5 K. The low-field magne-
tization curves in the temperature range betw&en5 and

with a mean distance of 6 nm. However, the determination of
the matching field of an array of planar defects is a very
complex problem since the anisotropy of the defects and the
AJ vortices has to be considered. For magnetic fields, where
the vortex cores of the AJ vortices start to overlaf.inli-
rection, j. 1 crossing the boundaries should be drastically
reduced. From the estimated core radius of the AJ vortices
longitudinal to the defect planes one yields an overlapping of
the vortex cores at APB’s at fields between 24 and 12 T
(¢,.=5-7 nm) and at ED’s at fields between 2.6 T and 950
mT (£, =15-25 nm). However, both estimates cannot ex-
plain the decrease gf | at very small fields. In contrast to
the low-field behavior ofj. + which is nicely understood,

35 K displays a significant minimum of the remanent mag-more investigations as well as theoretical work are necessary

netization forB.,— 0 which is not observed at YBCO film
on well oriented substratd$.This effect vanishes at higher

to understand the high-field behaviorjgfat arrays of planar
defects.

temperatures. Magneto-optical measurements reveal that in

the higher temperature regimie>35 K the flux filaments
are not visible and thus the minimum iM(Bg,) for T

VIl. ANGULAR DEPENDENCE OF |,

<35 K is clearly correlated to the presence flux filaments. In the following section we determine the critical current
However, in this article we focus on the low-temperatureas a function of its angle; to the APB’s. The successive

behavior.
The low-field increase oM (B,,) is due to two different

transition of the current density within the superconducting
film plane j(a))=[jr(a)).j(a;),0] from jcr=]jr(e;
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FIG. 8. Magneto-optically observed flux density distribution and
superimposed current stream lines of four squares patterned in dif-
ferent orientations from one YBCO film on SrTi@106). The mea-
surements were done Bt,=24 mT andT=5 K. The anglesy;
between thd direction of the APB’s and one edge of the square are

depicted at each image. (8) and (b) the MOL has a defect which ~_FG- 10. (&) Angular dependence gf, for the four differently
is visible as a dark line. oriented squares visible in Fig. &) Angular dependence df |

and of the components andj+ in theL andT directions, respec-
tively, for the disk of Fig. 9. In addition, the elliptical angular de-
pendence following from Eqg(7) is plotted as bold and broken
lines.

=0°) to j. L =]L(@;=90°) is investigated. By varying the
angle ofj with respect to the APB’s plane we probe the
angular dependence of the pinning force of these planar de-

fects. For tailoring the flow direction of the current we use

the condition that the current flows parallel to the sample<q;=<360° with respect to the normal vectar (T direc-

edges. ' _ tion) of the APB’s.

For the measurement ¢fa;), we used two YBCO films Figure 8 shows the magnetic-flux density distribution and
on SrTiQ; (106). The first film =280 nm) was patterned the superimposed current stream lines for the four YBCO
by chemical etching four 90g:m-wide squares having dif- squares with different orientations. The orientation of the
ferently oriented film edges with respect to the APB’s. Thep|anar defects is visible by looking at the orientations of the
orientation of the square edges to tfiedirection of the  flyx filaments. For all four squares the flux filaments are
APB’s was varied by angles of;=0, 15, 30, and 45°. oriented parallel to the boundaries. The mean anisotropy ra-
Because of leZO the current ﬂOWS parallel to the fllm tio of the current densities Changes frdkn 4(0 ) over
edges with an angle; to the APB’s. The second film was Aj=2.6(15°), Aj=1.75(30°) to A= 1(45 ). Qualita-
patterned to a disk with a radius B=1 mm. By this disk t|vely this can be recognized also from the shift of the the
geometry, the angle of the current cover the full range Ogiscontinuity lines from a “doubler” to an “ X"-like pat-
tern. For the disk-shaped YBCO film, the magnetic-flux den-
sity distribution and the superimposed current stream lines
are visible in Fig. 9.

The angular dependence jeffrom the squares is depicted
in Fig. 10a). For the diskj|(«;) together with the current-
density componentg_ andjt flowing in theL and T direc-
tion, respectively, is plotted in Fig. U9. The anglea; of
the current was determined by calculatingand jt by in-
version of Biot-Savart's law from the flux distribution and
using a,-=tan*1(jL/jT). The values which are measured at
the squares and the disk are very similar and the angular
dependence normalized to the valuexat90 ° is nearly the
same.

Remarkably, the observed angular dependengg isfnot

FIG. 9. (a) Magneto-optically observed flux density distribution given by the vector superposition of ther(a;=0 °) and
and superimposed current stream lines in a disk-shaped YBCO filn¢, | (aj=90 °) components. This would result in the ellipti-
grown on SrTiQ (106) at B,,=28 mT andT=5 K. cal angular dependence

APB’s
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jL(aj)=]jc. cogey)), current densitieg, | ~1-2x 10" A/m?. However, compar-
ing the magnetic size of a vortex with the mean distance
jt(a))=jcrsin(a)), between APB'’s of 6 nm, the interaction of a vortex with
several boundaries must be taken into account. Since theo-
jc(aj)=[j&, cof(e))+jirsir(a;)]"? (7)  retical simulations of this effect are not available at present

o ) ] and the maximum of the eddy current of a vortex parallel to
which is plotted as boldj¢), dashed fr) and dashed-dotted 6 poundary is located at \2£,, from the core center we
lines (JL)_ in Fig. 10. _ i .. regard Eq.(8) as rough approximation giving the correct

We will show in the following section that the deviation .qar of magnitude of the pinning force. Consequently, mag-

of the angular dependence from an elliptical one can be Unsefic pinning may principally account for the observed large
derstood in terms of quasiparticle scattering in superconduct-

. . . . . . c,L -
ors with anisotropic gap. The additional scattering which oc- ™" \ynan exerting an angular dependent driving force on a

curs for a current component crossing the defect plangs ( \qrex at a distance, to the boundary, the angular depen-
#90°) results in a depletion of the superconducting charg@ance of the pinning force according to E&) is given by
densityns between the planes. This affects not only the cur,o angular variation of its distance to the APB’s plae
rent componenj; crossing the planes. The depletionrof =Xo/cos(). This leads toj, = cos@) and thus results in

modifies ?'SO the current componejt flowing parallel 10 e same elliptical angular dependence as already given by
the APB's, which gives a stronger decrease than gq (7) and is in contradiction to the observed angular de-
*COS()). pendence in Fig. 10.

VIIl. THEORY OF TRANSVERSE PINNING MECHANISMS

B. Core pinning by 6T effect

In order to analyze the observed angular dependenge of
together with the extraordinary largg., up

X 10t A/m? the possible transverse pinning mechanisms o

vortices at APB’s are discussed in the following. We give for

each pinning mechanism an approximate calculation of th . ! ) o
isotropic vortex core with a core radigg longitudinal to the

transverse component of the pinning foffger when probed . hat th f

by an angular dependent driving force corresponding to artgoundary given by Eqll). We assume that the structure o

angular dependent current density. Pinning at planar defectS® AJ vortex at the planar defect is completely determined
y the deformation of the vortex eddy currents and calculate

may occur by magnetic interaction, where the deformation o q dth ¢ h
the eddy currents of a vortex as a function of the distance t 1€ oraer parameter aroun .t e vortex core from t. e current
distribution of an AJ vortex in the framework of Ginzburg-

the defect plane gives rise to a pinning poterftiaCore pin- S
ning may take place by a direct suppression of supercondud‘-andal_J(GL) theory. Considering here only theT, effect,
all additional effects of the boundary, e.g., a decrease of the

tivity which gives rise to fluctuations i, (6T, pinning). X ) .
Another indirect mechanism also leads to a pinning potential®NZburg-Landau coherence length, due to quasiparticle
where the superconducting state is affected by the scatterimfatiering are neglected. . .

of quasiparticles. Whereas in isotrogigvave superconduct- _The magnetic structure of the A vortex Is obtained by
ors nonmagnetic scattering affects only the kinetic energy ofl9ntly modifying a model of Gurevich and Cooléy In
vortex eddy currents, in HTS's elastic scattering results in £xtension to their model, our modification takes into account

change of condensation energy due to the presence of 42t the radius of the vortex corgr perpendicular to the
anisotropic gap. defect plane is finite. The field distribution of an AJ vortex at

an infinitely thin planar defect a¢=0 is given in the frame-
work of London theory by

As already discussed in a former section, an Abrikosov
yortex at a planar defect with a locally reduced transverse
supercurreni ; »<jo is strongly deformed and turns into a
éo-called Abrikosov-Josephsd@AJ) vortex with highly an-

A. Magnetic pinning

For the approximate calculation of the pinning force of
vortices in an array of parallel oriented planar defects with B, &°B, Dy do
mean distance of~6 nm, we consider a single vortex B~ PN + ay2 =<I>05(x)5(y)+zwé(y).
nearby a planar defect which energy is modified due to a 9)
deformation of the eddy current distribution at the boundary.
According Gurevich and Coolé§ the transverse pinning

)\2

force of a vortex at a distancg,,<x<<£&, is given by The second term on the right side of &) takes the bound-
ary condition of a Josephson junction into account. In order
1 to calculate the structure of the vortex core in the framework
for(¥)=— ¥ o ®  of Ginzburg-Landau theory we replaééx) 8(y) by a func-

tion W(x,y) resulting in a finite core size. It is chosen by the
where eo=<D§/(47r,uo)\§b) is the self-energy of the vortex condition that in the limitj;o—j, an isotropic Abrikosov
line per unit length and ,, denotes the magnetic penetration vortex is recovered by the theory. However, it is not neces-
depth in the &b) plane for a defect free superconductor. sary to calculate explicitlWV(x,y), since a special solution
For a vortex placed at a distance of some nm from &f Eq. (9) without the boundary term is given analytically by
single APB interacting with the boundary by magnetic inter-Clem#® We use the Green’s-function method to calculate the
action one easily calculates from H®) longitudinal critical  general solution of Eq9).
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L ST
Up'TC=60Tpf2(r,aj)T—C. (15)

c

The pinning potential p.T, is generated by the variation of

the transition temperatur&T ./ T, at the planar defect. Since
a single APB is not extended through the entire film with
thicknesst along thec axis, L/t denotes the pinned part of
a vortex.

C. Quasiparticle scattering pinning

_ In the framework of microscopic quasiclassical pinning
FIG. 11. Normalized order parameter at the vortex core of an Atheory developed by Thunebéi"g and generalized by
vortex at an infinitely thin plapar defect with, suppression. The Frieser™® the pinning energy per unit length of an infinitely
anisotropy of the vortex core & /¢&,p=15. thin planar defect with transport scattering cross section of

The phase kink of the AJ vortex at the planar defect atquasiparticIeSTt,'T transverse to the boundary is given by

x=0 is given bye(y)=2tan }(y/£.) + 7,*¢ and one obtains N(0)
approximately for smalk,y Up(f)=§oUtr,T2—t|Ad|2f2(r)F[Pi Ad(k)], (16)

2

4N\ ap ~24C. (10) where the active scattering cross section per vortex at the

[y2+ (x| + &)2+ §$]1/2 g boundary is estimated toy, =Py 12€aplp. We consider
) only the transverse component of the transport scattering

C~0.577 represents the Euler constant anddo/2mA;,.  probability tensor and neglect diffuse scattering, ®pt
To obtain the correct isotropic limit, the longitudinal core =1— 7 is determined by the transmission probability of the
radius must be renormalized & = ¢ —&r. The structure  plane 7. L, denotes the pinned length of a vortes, the
function f(x,y) of the vortex core, defined by (x,y) BCS-coherence length, aridhe thickness of the supercon-

B,(X,y)=7vIn

=f(x,y)¥.,, is then calculated by GL theory: ducting film. The dimensionless functidfec1—{#(k)) de-
pends as well on the Gorkov disorder parameter &,/ as
(xy) = —ix(X,y) @ on the normalized symmetry function o_f the gapk). For a
' ,[2he dp(x,y) 462 pured-wave orQer parameter, the Ferml—syrface average over
Vol T ax T AY) B(k)=ki—k? gives(p)=0 and thusF =1 is maximized.

In contrast, for an isotropic-wave superconductor the

The current-density componerjtsandj are obtained from symmetry function isp(k)=1 and the Fermi-surface aver-

Eg. (10) by Ampee’s law, giving age gives(¢)=1. This leads toF=0 and only a second-
order term contributes to the pinning energy

j(xy)= " 2 (12 2 (0) ax(py) 4| dA(r)[?
Y=o 2 N2 s2° N(0) dx(pi) 5 dA(r
Mo yo+(|xX|+ &)+ & i 3
Yo+ (X[ + €D+ &7 Un(D)=3é00wr— 5 =& —; - (17)
iy = Y 2 FEDsareo Here x(p)~0.95;_o[(2n+1)2(2n+1+p;)]"* repre-
Iy Mo y2+(|x|+ &)+ g%' sents the Gorkov function. Whereas in superconductors with

anisotropic gap, the order parameter is suppressed by quasi-
The vector potentiah is obtained by numerically integrating particle scattering at small defetswith size rpzkf_l
the field distribution Eq(10) and using the Coulomb gauge. ~0.1¢,,, nonmagnetic scattering in isotropic supercon-
The derivative of the phase distributias(X,y) is approxi-  ductor increases order-parameter gradients nearby a bound-

mately given by ary and thus the kinetic energy of the eddy currents of a
. , vortex. This is equivalent to a decrease of the Ginzburg-
[ijX_ijy](%y_wx_jy) Landau coherence Iengﬁ}b(O):go\/X(pi)/l.SG or toH 3
dp 2e X" IX 13 effects at superconductor surfaces or interfaces.

For the calculation of the angular dependencg.afe use
GL theory where the coarse graining over the length scale
Figure 11 shows the calculated order paramdier,y) &, gives
=V (x,y)/V, for an anisotropy ratio of the vortex core of

" 202

& 1&ap=15. , L ,
The angular pinning force density is calculated using po- Up,SI:J d?r’ Sa(r )T”\pif(r—r )2, (18
lar coordinatesi(,«;) from the maximum of the spatial de-
rivative of the pinning potential by for anisotropic and
fol@))=aUp(a; ;1) | mas (14 2. Lo[af(r=r"))*
. Up.a= f & oxlp(r 1| ———| @9
with 2m* t r
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for isotropic gap.

In the case of anisotropic gap, the pinning potential Eq.
(18) is due to quasiparticle scattering induced spatial varia-
tion of the first Ginzburg-Landau coefficienba(r’)
=4e?uiH2\2, 6x(r')/m* which we approximate by the
variation of the Gorkov functionSy{p;[1(r)]} due to the
variation of the mean free patfr). In addition, the conden-
sate outside the vortex core and the boundab?
=m*/(4uoh®e)=ndI(r)] is depleted by the additional QP

ju()/3,.(90)

scattering if a current component is crossing the boundary. 090 ] éo 150
This leads to an overall reduction of the maximum current
densityj,. Theory suggesté %; (Deg)
N\ ~2oc(1+0.794 *1?) =2, (20) FIG. 12. Comparison of measured and calculated angular depen-

dence ofj_ for 90< ;=180 °. The measured data is represented as

considering ad-wave superconductor. The dimensionlessO for the disk and as> for the squares. Fo¥T, pinning,j  («;) is
scattering  parameter is given byI'(«;)=hve/ plotted with different anisotropieg,_ /£ of the AJ-vortex core as
[21(a;)kgTc)]; kg denoting the Boltzmann constant. indicated in the plotfull lines). The dotted line corresponds to the

In the case of isotropic gap, the first-order term Eip) Sl pinning without pair breakingisotropics wave and the dashed
vanishes and the second-order term @§) gives a pinning  lines to sl pinning via condensation energy, when pair breaking is
potential by the spatial variation @y(r) leading to a varia- Present.
tion of the kinetic energy. In this case,, is not affected by

nonmagnetic scattering which is equivalent to the so—callegvhen the condensate is not depleted by scattering, tae)

Anderson theorerf . e ; -
The angular dependence of the single vortex pinning force>. VS similar to the curves obtained frofiT ¢ pinning. Al

is given by Eq.(14). For the order parameter at the vortex of .them e_Xh'blt an .|n|t|al slope of de )J'-|“i:9°°:0
core an ansatzfz(r)z1—exp(—r2/2§$) developed by which obviously deviates from the measured data. The cal-

WelcH?® was used, avoiding singularities in the integrals.culted angular dependence following from these two pin-

. _ ; : : i hanism only slightly deviates froij o« cos(;)
Settingé1=1.85¢,;, one yields the same maximum gradient ning mec . ) N
of f(r) at the vortex core as in the model of CIdfThe ~ Which was proposed at first thought in E@) and which

angular mean free paiife;) at a distance, from a single fOHIOWS altso ?ptphroanlatl;/etly dfrom rraggetlc %‘””"?9-
planar defect with transport scattering probabilfy 1 is h contrast, the calculated angular dependencg G#;)

For the quasiparticle scattering pinning via kinetic energy,

given by° for 6l pinning via condensation energy describes well the
measured data nearly in the full angular range. The strong
(r,a))=lo(1— ptr'Te[fs(aj)nO]), —90<a;=+90°, decrease of_for increasinga;>90 ° reflects the additional

(21) scattering of quasiparticles when an increasing current com-
ponent starts to cross the boundaries. This affects the whole

wherel, denoting the mean free path without planar defectsondensate between the 6 nm spaced defects and thus re-
due to background disorder asfk;) =xo/cos(y) the varia-  duces the longitudinal current density for a;>90°.
tion of the distance to the boundary with angie. To ex-
tend this model to an array of planar defects, we consider a |x. ORDER-PARAMETER SUPPRESSION AT APB'S
charge carrier at a positiox traveling between two planar
defects located at; andx,, both with the same transverse  In Ref. 12 we already presented the temperature depen-

transport scattering probabilify, +. The summation law of ~dence of both current componenisr andj¢, . In addition
mean free paths iB*1=I1’1+I2’I, wherel, andl, are ob- to the angular dependence jof the observed Ambegaokar-

tained from Eq(21) respectively, giving B_aratoff-!ike temperature dependentef Jer ie an unam-
biguous indication for the presence of tunneling phenomena
(1—py, re~5"20)(1—p,, &~ 52/20) for the current crossing the boundaries and thus for an order-
I(x,aj) =2l ’ ‘ , (220 parameter suppression at APB’s. We want to come back now

_ 12l __ /2 . . . .
2— Py 780 pyy 75270 to the observed magnitudes jpf, andj.r and discuss the

order-parameter suppression at APB’s. This gives additional
evidence for the QP scattering pinning mechanism.
Let us first discuss a possible pui . effect at the
APB’s. In general, there are some difficulties in explaining,
Since our calculation of the angular dependence of thénow planar defects can exhibit large transverse pinning
pinning force considers only the transvefge probed by an  forces together with relatively largg. r. The longitudinal
angular dependent driving force, Fig. 12 shows the experieritical current density is given for correlated pinning and
mentally observeq, («;) in the range 96 «;<180° from  small magnetic fields by Eq(14) in the limit a;—90°,
Fig. 10 together with the theoretical curves following from yielding
different pinning mechanism. FofT. pinning, the calcu-
lated j, (a;) curves for different anisotropies of the vortex : :i _gnoy_ 0 ﬁ&
i’ . JeL fp7(@;j=90°) .
coreé, /é:=1.8, 4.7, and 30 are depicted. 00 EarPo t T

with s;=[x—X4|/cosa; ands,=[x—x,|/cosq;.

D. Comparison to experiment

(23
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observation is in contradiction to th&T. effect, where by
combining Eqs(23) and (25) one would expect

joroce oL, (26)

In contrast to theST, effect, quasiparticle scattering pin-
ning at APB’s can account for the largg, . up 8.5
X 10" A/m? at 5 K aswell for the observed,  behavior
presented in Fig. 13. From the measured anisotropic mean
free path o =70 nm and{~2-6 nm in YBCO films on
nearly perfect SrTiO 3106), wherel; corresponds to the

mean distance of APB'’s, one obtaimg, r~1. Simulta-
neously, the scattering longitudinal to the boundaries is very
low for these films having APB’s withi,=0.7 nm. Using
Equations(16) and (17) together with Eq(14) in the limit
a;—90°, one hasj. ~10"* A/m? (kinetic energy and
jeL~2.6X10" A/m? (condensation energyat T=5 K.
Equations(18) and(19) lead to similar results. Even if only
a finite part of the vorticet ,/t<1 is pinned at the APB’s
We already estimatédthat j,  ~8x 10" A/m? would re-  the observed,  is easily calculated by theory assuming QP
quire at leastT;/T,~0.22 (6T,~20 K) when we assume scattering pinning.
that the vortices are pinned over their full lendth/t=1. QP scattering at small defeatg<&, induces ind-wave
Realistic estimates of their pinned pddue to the finite superconductors strong order-parameter suppres&i@m-
length of the APB’s parallel to the axis) must assume a sequently, modeling an APB as a planar array of point scat-
much highefT, suppression 06T./T.~0.3—0.4 in order to terers, the structural width, must not necessarily be in the
explain the large observgd, . Modeling the defect plane as order of ¢, to obtain large transverse pinning forces. In ad-
a normal-superconducting interface, the variation of the ordition, the length scale of the order-parameter suppression
der parametedy/dx~ .. /b is given by the linear extrapo- may have smaller values compared to e effect: A cal-
lation lengthb.>? Using the expressiorhw&ib/a (Ref. 1 culation in the framework of microscopic quasiclassical
with a lattice constant in theap) plane ofa=0.39 nm, one theory shows that the order parameter at a point scatterer
yieldsb~5.9 nm!!In the framework of linear extrapolation may vary bys¥/¥..~1 on a length scale of two to three
and usingsT,/T,~0.3-0.4, one obtains a length scale of lattice spacing$0.78—1.2 nm?® Another argument is given
order parameter suppression @fbsT./T.~1.8—-2.4 nm by a microscopic derivation of the GL equatidhg' which
on each side of an APB. Comparing this length with theshows that the the GL-coherence length
mean distance of APB’s o£6 nm, a significant part of the

£an(0 K)=~0.7401x (27

superconductivity in the YBCO films should be suppressed
is reduced by QP scattering. Thus sharp gradients of the

and the possibility of largg., seems to be questionable.

:\/Ioreot\;]er, me_'ll:c_%S\Q(Blé (gf t_helse san;plles is only slightly order parameter are sustained by this mecharfsim.Eq.
ower than thel; in single crystals. (27) x is denoting the Gorkov impurity function. Using these
results, the behavior gf | andj, t in Fig. 13 is qualitatively

Next, we want to analyze the relation between lajge
and strong transverse pinning in the framework of &g understood. As long as the current is flowing parallel to the

effect. The Josephson tunneling current through a boundar,

Houndaries and, is small compared to the defect distance,

3,0 depends exponentially on the width of the tunneling bar, o o ey parameter between the 6 nm spaced APB'’s is less
rier d which can be estimated in linear approximatigar

) . affected by this mechanism compared to g effect. Due
small T, suppressionsio bed~(4T./Tc)b giving to a strong order-parameter suppression on a small length
scaled<¢, one has a largg, | as well as largg. +. This is
sketched qualitatively in Fig. 14. However, if, reaches
~2 nm, the order parameter at the ED’s is suppressed on a
length scaled, and in addition, the longitudinal scattering
Py L May not be neglected any more, especially for bound-
aries with roughness and kinks. This leads to a scattering
induced overall reduction of the superconducting charge den-
sity as already observed by othéfs.

jor 10" (A/m?)

FIG. 13. Correlation between the measuied and j.  for
YBCO films having APB'’s with a smali;=0.7 nm(full circles)
and with APB’s exhibiting a larger structural widffED’s) (open
circles. The data is also represented in Table I.

jso~ioe YP=joe e/ Te, (24

Consequently, an increasidJ . /T, which is required in the
framework of 5T, pinning for largej., would necessarily
lead to a decreasing, . According to Egs.(3) and (1)
together with Eq(24) one obtains

Jo & torjggre el Te, (25
andj t should decrease exponentially with increasing trans- X. CONCLUSIONS
verse pinning forceincreasingj. ). Figure 13 shows the
measured. 1, plotted as a function of the measurgd for
YBCO films with APB’s of different structural widthr,.
The largestj .+ are observed at the samples where has
extraordinary high values4x10'* A/m? atT=5 K. This

To summarize our results, planar defects as APB'’s repre-
sent very effective pinning sites for correlated pinning of
vortices in HTS’s and can account to carry critical currents
up to 30% of the depairing current longitudinal to the defect.
The combined investigation of magnitude and angular de-
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a) shown by Zandbergen, van den Berg, and Rdhat the
atomic distortions of(100 mirror twin boundaries are re-
APB APB stricted to two unit cells corresponding ta gof APB’s. In
8o contrastr, of [100] rotation twin boundaries is larger due to
misfit dislocations. A suppression pf  to a half of the bulk
j. was reported at TB'’s in YBCO single crystdlsiowever,
a systematic study of the effect of dislocations apdaria-
tions onj. at TB’s is still lacking.
6 nm X At small-angle tilt boundaries, the atomic distortions are
b) strongly localized in dislocation cores where the(Qwa-
lence is varying on a length scale of 1 fAfnAt the same
APB APB time the boundary sections between the dislocation cores are
_&_.(p”) atomically sharp. Comparing SAGB’s with APB’s, we con-
clude that the current limiting properties come from the dis-
location cores with a larger, compared to the boundary
So itself. A model worked out on this basis, e.g., by Gurevich
and Pashitskit/ successfully describes the exponential de-
6nm X crease of . with grain-boundary angle due to the increasing
dislocation content. Our own results in this paper suggests

FIG. 14. Schematic drawing of the order-parameter suppressiothat quasiparticle scattering does not significantly reduce the
due to(a) ST, effect and(b) quasiparticle scattering at a planar transversej, at smooth and sharp boundaries with
defect. <1 nm. In contrast, if the distorted regions reach

>1 nm, a drop of . takes place due to a pronounced order-
pendence of in our model system of parallel oriented pla- parameter suppression on a larger length scale.
nar APB’s with smallr, demonstrates the QP scattering as  Considering the question whether planar defects contrib-
the dominant pinning mechanism being responsible for thaite to the large pinning in epitaxial YBCO films on well
extraordinary large magnitude ¢f, . Sincepy, 1 is large oriented single-crystallin€001) substrates or not, we con-
andpy, | is low, this effect causes a suppression of the transelude that a network of planar defects separating the indi-
verse order parameter on a smaller length scale compared widual growth islands and additional intragranular planar de-
ST, pinning and thus strong transverse pinning. In contrastfects as TB’s or APB’s may be well suited to explain the
due to the smooth interface which is confirmed by the largebservedj.=1-3x 10 A/m? at 5 K and at not too large
I, and the Ambegaokar-Baratoff like temperature depenmagnetic fields. It is necessary to emphasize fhatup to
dence ofj C,T,lz the longitudinal order parameter is little af- ~30% of the depairing current is observed only, if one com-
fected by quasiparticle scattering as long as the current ibines strong transverse pinning together with a low scatter-
flowing parallel to the boundaries. The strong drog dfe;) ing ratep, | (I.=70 nm) parallel to the current flow. If this
by slightly changing the direction of the current flow con- is not the casej. may be limited due to a QP scattering
firms that a low scattering rate is crucial for the large induced overall depletion of the superconducting condensate.
since pair breaking would reduce the superfluid densitly in
direction and limitj. | by depairing.

Consideringj. r, we made the remarkable observation
that j r=2-3x 10" A/m? reaches values which are typi-  The authors are grateful to H.-U. Habermeier, J. Zegen-
cally observed in high quality YBCO films on well oriented hagen, and T. Haage for the preparation of the excellent
single-crystalline substrates. For this lajge a small struc- samples and the intensive cooperation. Thanks also to T.
tural width of the APB’s ofr,=0.7 nm is essential. The Dragon for the experimental advice and J. Albrecht for
drop of j. 1 to values<10"" A/m? by introducing ED’s  stimulating discussions. One of ¢8h.J) wishes to express
with rp=~2 nm into the system lead to conclusions for thethanks to H. C. Freyhardt and M. Friesen for their interest
transport properties of general grain boundaries. It wasnd stimulating discussions.
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