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Transport properties and flux pinning by self-organization in YBa 2Cu3O72d films
on vicinal SrTiO 3„001…
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We have observed anisotropic flux pinning and resistivity in the substrate plane of YBa2Cu3O72d ~YBCO!
thin films grown on vicinal SrTiO3~001! with thec axis oriented along the SrTiO3 @001# direction. Using UHV
scanning tunneling microscopy and transmission electron microscopy we demonstrate the influence of a peri-
odic nanoscale step structure of the clean substrate surface on the morphology and defect microstructure of
subsequently deposited YBCO films. A linear array of dislocations generated via self-organization of the
YBCO leads to an exceptionally large critical current density up to 831011A/m2 at 4.2 K. The findings
indicate that the critical current density of high-temperature superconductors can be enhanced in a controlled
way growing thin films on tailored substrate surfaces.@S0163-1829~97!07537-1#
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I. INTRODUCTION

The nature of flux pinning in high-temperature superco
ductors~HTSC’s! is of fundamental and technological inte
est. The polyatomic composition of HTSC’s leads to a w
range of possible defects which may give rise to differ
pinning mechanisms with varying efficiency. To shed lig
on these issues, a systematic investigation of the inter
between different types ofintrinsic defects and flux pinning
is needed.

It has been found that randomly distributed point defe
~i.e., oxygen vacancies! in YBa2Cu3O72d ~YBCO! single
crystals lead to a weak collective pinning,1,2 whereas twin
boundaries cause a correlated pinning as well as a chann
of vortices along twin planes.3 Moreover,artificial columnar
defects fabricated by heavy-ion irradiation cause strong
related pinning.4 Specifically, crossed columnar defects e
hance the critical current densityj c up to 131010 A/m 2 ~4.2
K! in YBCO single crystals.5

It is well known that epitaxial YBCO thin films exhibit a
critical-current density which is at least one order of mag
tude larger than that of twinned single crystals. Gra
boundaries,6 precipitates,7 intrinsic pinning,8 surface
roughness,9 dislocation chains in growth terraces,10 and
screw dislocations11 have been suggested as a possi
source of effective pinning in YBCO films. But despite th
enormous efforts, the strong pinning sites generated du
film growth have not yet been identified.

However, the layered structure of HTSC’s and therm
fluctuations resulting in a depinning of vortices, require c
herent defects~i.e., line or planar defects! to achieve effec-
tive pinning and largej c . For example, it has been found12

thatcolumnardefects in YBCO films which originate from
mosaicity of a 1.6° miscut LaAlO3 substrate enhancej c in
an external magnetic field of 1 T, oriented between thec
axis and the CuO2 planes@ j c(B51 T, 77 K! 5 0.5231010

A/m 2#, while at zero magnetic field the critical current de
560163-1829/97/56~13!/8404~15!/$10.00
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sity @ j c(B50, 77 K! 5 2.0231010 A/m 2# shows a magni-
tude commonly observed in epitaxial films. It has been
cently suggested13 on the basis of the temperatur
dependence ofj c that a spatial variation in the charge-carri
mean free pathl near lattice defects leads to effective pi
ning in epitaxial YBa2Cu3O7 and YBa2Cu4O8 films. This
mechanism is calledd l pinning, in contrast to dTc
pinning,1,14 where disorder causes a suppression of the
perconducting order parameter associated with a sp
variation of the transition temperatureTc .

Here we demonstrate an unusual approach, the contro
generation of an array of antiphase boundaries with an
tended,planar structure via self-organization of YBCO o
vicinal SrTiO3~001! surfaces. Pinning by these cohere
defects results in a substantial enhancement ofj c(B560 mT,
4.2 K! up to 831011 A/m 2. Moreover, this set of coher
ent defects causes an anisotropy of the magnetic flux p
etration in theab plane when the weak external magne
field is oriented parallel to thec axis ~i.e., perpendicular to
the CuO2 planes and correspondingly parallel to the def
planes!.

The large density of defects necessary to achieve effec
pinning has significant impact on the transport properties
the epitaxial thin film: We observe a pronounced anisotro
of the in-plane resistivity, as well as a small reduction ofTc .
However, the electronic conductivity in YBCO films on vic
nal SrTiO3~001! substrates is a combination of in-plane a
out-of-plane transport modified by defect scattering. Stu
ing the systematics of the resistivity as a function of fi
thickness we can gain insight into the nature of charge tra
port in epitaxial thin films.

II. EXPERIMENTAL PROCEDURES

YBCO films with a thickness ranging from 24 to 360 n
were grown by pulsed laser deposition~PLD!. The PLD
chamber is coupled to a UHV system with a base pressur
about 5310211 mbar. This enables us to perform most
8404 © 1997 The American Physical Society
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56 8405TRANSPORT PROPERTIES AND FLUX PINNING BY . . .
our studiesin situ. The SrTiO3~001! substrates were cut an
polished 1.2° or 10° off the~001! plane toward@010# as
confirmed by x-ray diffraction. The substrates were annea
in UHV (<1029 mbar! at a temperature of 950 °C for 2 h
This sufficed to generate a well ordered and clean surfac
judged by low-energy electron diffraction~LEED! and Au-
ger electron spectroscopy. The loss of oxygen during U
annealing results inn-type conductivity which enables u
to image the clean substrate surfaces by UHV-scanning
neling microscopy~STM! prior to deposition. The YBCO
films were grown at a substrate temperature of 750 °C in
oxygen pressure of 0.2 mbar, oxygenated~in 750 mbar O2)
immediately after deposition, and cooled to 450 °
The samples were kept at this temperature for 20 min
finally cooled to room temperature. This procedure was
timized in terms of the superconducting properties~i.e.,
maximum transition temperatureTc'90–91 K! of films with
a thickness of more than 120 nm grown on well-orien
SrTiO3~001! substrates which exhibit atomically flat te
races, more than 250 nm wide, as revealed by UHV-STM

After the PLD process the deposition chamber w
pumped to a pressure of less than 1027 mbar and the
samples were transferred to the STM stage without expo
them to air. All STM images were taken in the consta
current mode with tunneling currents of 0.2–0.3 nA and
positive sample bias of 0.75–1.9 V. Our STM achieves
resolution better than 0.01 nm~0.2 nm! vertically ~laterally!
on semiconductor surfaces. The STM scanner was calibr
with the 737 reconstruction of a Si~111! surface.

The quality of the epitaxy, i.e., the degree of twinning a
growth-related strains in our YBCO films, was analyzed
x-ray diffraction on a four-circle diffractometer.15 Cross-
sectional and planar transmission electron microsc
~TEM! was used to examine the defect microstructure.

The temperature dependence of the resistivityr(T)
was measured by a conventional four-probe method on
mm wide microbridges which were patterned by stand
photoresist lithography and chemical etching. The mic
bridges were aligned with the@100# and @010# directions of
the SrTiO3~001! substrates. The two directions used in t
resistivity measurement will be denoted byL andT, respec-
tively, since they coincide with the directions longitudin
and transverse to straight step edges on the substrate an
surface. As will be shown in the following, these step edg
are linked to the defect microstructure in the epitaxial film
Throughout this paper we will use zero resistivi
@r(Tc)'0# to define the transition temperatureTc .

By means of the magneto-optical Faraday effec16

~MOFE! the penetration of magnetic flux was visualized
ter cooling the film at zero-field from room temperature
liquid-He temperature and subsequently applying an exte
magnetic field (Bext) perpendicular to the film plane. Th
samples were patterned by standard photoresist lithogra
and chemical etching into 2 mm3 2 mm squares with the
edges aligned with theL and T directions. Because th
HTSC’s themselves exhibit only a weak Faraday effect,
iron-garnet film was placed directly on top of the sample
a field-sensing element. Thus, under crossed polarizers
flux carrying regions~Shubnikov states! appear bright, while
the Meissner states are dark. In this way, we detect the l
magnetic field with a lateral resolution of less than 10mm.
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III. STRUCTURAL PROPERTIES

A. Growth mode on vicinal surfaces

The heteroepitaxial growth ofc-axis-oriented YBCO
films on well-oriented SrTiO3~001! generally proceeds via
formation of essentially three-dimensional islands on
pristine substrate surface for the Volmer-Weber growth or
a wetted substrate surface for coherent Stranski-Krasta
growth. The growth mode primarily depends on the latt
mismatch between SrTiO3 and the HTSC material, the su
persaturation~i.e., the excess of adsorbed particles on
substrate surface produced by the impinging flux!, the sur-
face and interface free energy as well as the surface diffu
ity. Because surface steps and kinks are often higher bind
energy locations~because of a higher coordination!, they can
act as preferred adsorption sites~at least for homoepitaxy!. If
the particles supplied by the impinging flux have sufficie
mobility, they can diffuse to a step at a distance smaller th
the diffusion lengthls . Particles farther away from the su
face step arrange themselves in epitaxial islands if the su
saturation on the terrace suffices to create nuclei with a c
cal radius.17

Surface steps and kinks are directly produced by vici
off cut: a crystal surface misoriented slightly with respect
a low index direction displays terraces of low-index orien
tion and steps which accomodate the misorientation. As
example, Fig. 1~a! shows the UHV-annealed surface of 1.2
~off ~001!, toward@010#! miscut SrTiO3~001!. Carefully an-
nealed vicinal SrTiO3~001! surfaces are remarkable, sinc
they exhibit step edges which are extremely straight and
clusively aligned along@100# and @010#. Furthermore, the
terrace widths are almost constant, thus indicating repuls
step-step interactions. A cross section along the white line
Fig. 1~a! @see Fig. 1~b!# displays'18 nm wide~001! terraces
separated by steps, mostly 0.39 nm high~corresponding to
the SrTiO3 unit cell height!. Moreover, we observe som
'37 nm wide terraces along with double unit-cell ('0.78
nm! high steps. This regular array of straight step edges r
ning parallel to@100# dramatically affects the migration o
deposited particles on the SrTiO3~001! surface. With a ter-
race widthl,ls , those particles form a smooth layer with
out reaching a supersaturation sufficient for nucleation
islands on the terraces and, thus, at the beginning a replic
the stepped substrate surface is generated; a process w
we call self-organization. Consequently, the growth proce
at the beginning similar to the typical step flow. The surfa
of a 120 nm thick YBCO film on 1.2° miscut SrTiO3~001! is
shown in Fig. 1~c!. It displaysl* 51002130 nm wide ter-
races generated by the self-organization of the YBCO. Ho
ever, the film terraces are about six times larger than thos
the clean substrate surface indicating a tendency to overg
a fraction of the substrate steps. We shall return to this p
nomenon in our subsequent discussion of the defect mi
structure and morphology of YBCO films on SrTiO3~106!.

Figure 1~c! shows a 45 nm3 75 nm large island on a 130
nm wide film terrace. The enlarged terrace widthl* obvi-
ously led to the transition from step-flow growth to islan
formation. Even some growth islands consisting of stacks
terraces are detected in different surface regions of
YBCO film @see Fig. 1~d!#. The crossover terrace widthl*
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FIG. 1. ~a! 350 nm3 350 nm UHV-STM image of vicinal SrTiO3~001!: The crystal was cut 1.2° off~001! toward @010#. ~b! Cross
section of the topography along the white line displayed in~a!. ~c! 350 nm3 350 nm UHV-STM image of a 120 nm thick YBCO film grow
on the 1.2° miscut SrTiO3~001! shown in~a!. ~d! Different surface region of the YBCO film displaying a concentric growth island.
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must be close to the diffusion lengthls for our chosen
growth parameters, i.e.,ls'l* '100 nm.

Because kinks can act as the most favorable attachm
sites for deposited particles~certainly for homoepitaxy!, a
substrate surface containing a large number of kinks lead
a dramatic change in the surface morphology of the adla
As an example, Fig. 2~a! shows the surface of 2.6° miscu
SrTiO3~001!. The regular kink structure visible in this STM
image appears when the miscut is toward@110#. A cross
section along the white line in the STM image displays'35
nm wide ~001! terraces separated by steps of differe
heights~1.17, 1.56, and 1.95 nm!, all larger than the lattice
constant of SrTiO3 @see Fig. 2~b!#. The kinks appear to force
step bunching. As can be seen from Fig. 2~c!, this structure
of the SrTiO3 surface leads to a particular growth pattern
the YBCO film. The 60 nm thick layer exhibits elongate
islands which terminate in ragged step edges. The shap
the islands is reminiscent of the kink structure of the cle
substrate.

So far, we did not consider the influence of the m
match between SrTiO3 and the HTSC material on th
nt

to
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t

f
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growth mechanism. We are not dealing with homoe
taxy and YBCO building blocks which nucleate at ste
must be strained to match SrTiO3 in the ~001! and ~010!
plane. UHV-STM studies18 of YBCO nucleation on vicinal
SrTiO3~001! suggest that the nucleation mode depends
this strain and the chemical misfit. However, further inves
gations are needed to establish a conclusive picture of
nucleation process.

B. Tailored substrate surface

A crucial step to modify the transport properties and
enhance flux pinning in a controlled way is the structuring
the substrate surface. In the previous section, we have d
onstrated a close relationship between the growth patter
YBCO films and the substrate surface structure wh
strongly depends on the angle of misorientationu, the miscut
direction, as well as the temperature. Figure 3~a! shows the
surface of 10° miscut SrTiO3~001! after UHV annealing at
950°C. Because a sufficient mobility~diffusivity! of surface
atoms is needed for structural changes to occur, we ex
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56 8407TRANSPORT PROPERTIES AND FLUX PINNING BY . . .
that the surface structure will be freezing in at some temp
ture while cooling the sample from 950 °C to room tempe
ture. Therefore, the UHV-STM image acquired at room te
perature reflects a surface structure at some hig
freezing-in temperature. As can be seen from the cr
section of the topography in Fig. 3~b!, the periodic row-
like structure visible in Fig. 3~a! consists of 2.3 nm wide
SrTiO3~001! terraces separated by straight steps in the@010#
direction, mostly 0.39 nm high. This finding implies th
the regular nanoscale terraces are comprised of six SrT3

FIG. 2. ~a! 150 nm 3 100 nm UHV-STM image of vicinal
SrTiO3~001!: The crystal was cut 3° off~001! toward @110#. ~b!
Cross section of the topography along the white line displayed
~a!. ~c! 350 nm 3 350 nm UHV-STM image of a 60 nm thick
YBCO film grown on the 3° miscut SrTiO3~001! shown in~a!.
a-
-
-
er
ss

unit cells, i.e., under our preparation conditions a sta
SrTiO3~106! surface is generated which appears to exh
63aSrTiO3

wide ~001! terraces separated by unit-cell hig
steps. The LEED pattern shown in Fig. 3~c! is characteristic
of a single domain~236! reconstruction, but displays a cha
acteristic modulation of the spot intensities. The diffracti
pattern of a periodic array of terraces is determined by
atomic reconstruction on the terrace and periodic arran
ment of the steps. Because the periodicity of the nanos
step structure equals the lattice constant of SrTiO3 multi-
plied by six, we suggest that the observed LEED patt
results from a convolution of the scattering amplitude due
the periodic array of steps and a~232! reconstruction in the

in

FIG. 3. ~a! 100 nm3 100 nm STM image of SrTiO3~106! after
UHV annealing ~see text!. ~b! Cross section of the topograph
along the white line displayed in~a!. ~c! Corresponding LEED pat-
tern ~electron energy5 42 eV!.
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FIG. 4. 350 nm3 350 nm STM images of~a! 24 nm,~b! 60 nm,~c! 120 nm, and~d! 240 nm thick YBCO films grown on UHV-anneale
SrTiO3~106!. Arrowheads indicate~a! local disruptions of the terrace structure and~c! ragged step edges referred to in the text. The t
directions used in transport measurements are denoted byT andL. ~e! Cross section of the topography of the 24 nm thick film along
white line shown in~a!.
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@100# direction on the terrace@along the step edges, see F
3~c!#. Reconstructions with a twofold periodicity are actua
frequently observed19,20 on SrTiO3~001!.

As demonstrated in the previous section, the uniform
spaced steps and the straight step edges of the vicinal su
are expected to promote self-organization of the adlayer
particular efficient way. Because the 0.39 nm high SrTi3
steps are only a fraction of the YBCO unit cell along itsc
axis (c'1.2 nm!, dislocations are presumably formed at t
step edges. Therefore, we have generated a substrate su
ideally suited to introduce an array of determined density
defects into epitaxial YBCO films in a controlled way.

C. Growth morphology on SrTiO 3„106…

The STM images of YBCO-covered SrTiO3~106!, shown
in Fig. 4, reveal the evolution of the layer morphology wi
increasing film thicknesst. The growth pattern differs dis
tinctly from the morphology of YBCO films on well-oriente
SrTiO3~001! which displays square islands or spiral grow
features, depending on the substrate preparation and gr
conditions. In Fig. 4~a!, we find nanoscale terraces remine
y
ce
a

face
f

th
-

cent of those of the clean substrate surface. They are s
rated by straight steps along@100# ~i.e., they are aligned with
the steps on the clean SrTiO3 surface!. In the following, the
directions which are longitudinal and transverse to these
edges will be calledL andT, respectively. Witht524 nm,
the terraces are frequently interrupted in theL direction@i.e.,
the film thickness is not homogeneous in this direction a
the film exhibits islandlike features; see Fig. 4~a!#. Further-
more, the terrace lengths are fairly periodic along theT di-
rection. As can be seen from Figs. 4~b!–4~d!, the YBCO
nanoscale terraces become continuous in theL direction as
growth proceeds. Moreover, the width distribution of the t
races becomes more regular, almost periodic~for a detailed
discussion of this issue, we refer to a previous publication21!.
However, even witht.60 nm, we observe some nanosca
terraces of finite length in theL direction which terminate in
ragged steps with their edges aligned along theT direction
@see Fig. 4~c!#.

We suggest different sources of the local discontinuity
the terrace structure. Although not directly imaged by ST
a small number22 of Y 2O3 precepitates has been found b
cross-sectional TEM. The growth front might be pinned
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56 8409TRANSPORT PROPERTIES AND FLUX PINNING BY . . .
this off-stoichiometric material. Furthermore, the discontin
ity of the YBCO terraces might be related to strain fields
the vicinity of growth-related defects. We have shown in t
previous section that kinks on the substrate surface lea
the formation of elongated cigarlike islands terminating
ragged step edges. Thus, also the existence of kinks resu
from a small additional miscut in theL direction can be
responsible for the observed local discontinuity of the t
races.

The STM image of Fig. 5~a!, shows on a smaller scale a
almost periodic array of YBCO terraces on the surface of
240 nm film. This periodic morphology originates from se
organization of YBCO enabled by the particular growth
netics on the terraced SrTiO3 surface.21 The profile of the
topopraphy in Fig. 5~b! shows straight step edges spaced 4
nm apart and growth steps of different heights, all less t
cYBCO'1.2 nm@see also Fig. 6~a!#. These findings imply tha
antiphase boundaries~APB’s! with a planar structure are
formed upon coalescence of domains nucleating on adja
terraces which are shifted vertically by 0.39 nm@see sche-
matic illustration in Fig. 6~b!#. Because'0.6 and'0.8 nm
high growth steps are observed, we also expect some s
ing faults ~SF’s! along thec axis. The fact that the regula
film terraces are 2–3 times wider than those of the cl
substrate suggests a partial overgrowth of SrTiO3 steps. This
observation is consistent with the existence of a varia
stacking mode on the SrTiO3 surface recently proposed b
Zegenhagenet al.23 ~see following section!.

D. Epitaxy and defect microstructure

The growth pattern of YBCO films on SrTiO3~106! im-
plies a characteristic defect structure. Figure 7~a! shows a

FIG. 5. ~a! 100 nm3 100 nm STM image of a 240 nm thic
YBCO film grown on UHV-annealed SrTiO3~106!. ~b! Cross sec-
tion of the topography along the white line displayed in~a!.
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TEM image~cross section along theT direction! of a YBCO
film on SrTiO3~106!. The periodicity of the YBCO lattice
is strongly disturbed. CuO planes visible as bright lin
are frequently interrupted, shifted vertically, or even slig
ly bent. Continuous, undisturbed planes exist only up
a length~in the T direction! of about 6–8 nm. The extent o
this disorder renders the identification of individual defe
more difficult. In particular, the substrate/film interface a
pears to be slightly out of focus, but we can still identi
the descending sequence of SrTiO3 steps along@010# (T).
The c axis of the material is oriented perpendicular to t
SrTiO3~001! terraces, as corroborated by x-ray diffraction

The large scale micrograph, Fig. 7~a!, contains numerous
APB’s, directly arising from mostly 0.39 nm~and some 0.78
nm! high substrate steps which are shorter than the YB
unit cell along itsc axis (c'1.2 nm!. However, the APB’s
are healed after a few unit cells from the substrate surface
inclusion of SF’s lying in the~001! plane@see also Fig. 7~b!#.
Moreover, the number of APB’s is smaller than that of t
SrTiO3 steps, indicating the tendency to overgrow a fracti
of substrate steps. This scenario might be made possible
variable stacking mode at the interface. Our recent res
from x-ray standing wave measurements23 suggested the ex
istence of this mechanism: on a TiO2 terminated SrTiO3
surface, the stacking sequence starts with TiO2-BaO-
CuO2-Y-CuO2-BaO-CuO-••• or TiO2-BaO-CuO-BaO-
CuO2-Y-CuO2-•••. The variable stacking mode reduces t
number of APB’s initiated from the substrate steps, as sc
matically illustrated in Fig. 6~c!, and permits a defect-free

FIG. 6. ~a! Unit cell of YBa2Cu3O72d and its schematic repre
sentation as three perovskitelike blocks.~b! Illustration of the for-
mation of an antiphase boundary at a substrate step: domains n
ating on adjacent terraces are shifted vertically by a fraction of
unit cell. ~c! A change of the stacking sequence on adjacent terra
allows a smooth and defect-free overgrowth of a substrate step



th

a

cl
an
re

s
ov

e
d
W
r

o
-
o

se-
ion
if-
ed

ther
in

pat-

O
th-
of

the
ies

O

the
is

t

ural
t
ef-

he

s
’s

p

a

8410 56T. HAAGE et al.
matching of the following upper layers, thereby reducing
free energy of the heteroepitaxial system.

Additionally, we observe APB’s several nanometers aw
from the substrate/film interface@see Fig. 7~b!#. They are
generated during coalescence of growth fronts, which nu
ate on adjacent YBCO terraces out of registry with one
other. After a few unit cells, the mostly curved APB’s a
terminated by a SF. Figure 7~a! also shows an APB with a
vertical shift ofc/3 in conjunction with a'2 nm wide dis-
torted region. This extended defect~marked by arrows in the
TEM micrograph!, which presumably leads to a local depre
sion of the superconducting order parameter, persists
several unit cells along@001#. However, most APB’s exhibit
a structural width of less than 1 nm. The atomic plan
across the boundary can be slightly tilted, a fact which in
cates strain associated with the large density of defects.
also observe some regions in which CuO planes appea
overlap@see Fig. 7~b!#.

Because the APB’s originate from self-organization
YBCO on the terraced SrTiO3 and YBCO surface, respec
tively, we expect planar defects, aligned with the direction
the straight step edges (L). Planar-view TEM confirms the

FIG. 7. ~a! High-resolution cross-section TEM image along t
T direction showing numerous antiphase boundaries~APB!. An ex-
tended defect~ED! referred to in the text is marked by arrowhead
~b! Section of the TEM image showing the formation of APB
~some of them are marked by arrows! away from the substrate/film
interface; some regions in which the CuO2 planes appear to overla
are marked byD.
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anisotropic nature of the defect microstructure. As a con
quence of the large density of defects, the low-magnificat
@001# planar-view TEM image in Fig. 8 shows a strong d
fraction contrast. Since APB’s are mostly curved and form
incoherently within the layering sequence@see Fig. 7~c!#, the
image contrast reflects a projection of various defects, ra
than features from an individual boundary. However,
some regions we can clearly resolve a regular intensity
tern with bright lines almost parallel to@100#. Since the pe-
riod of these lines is comparable to the width of the YBC
terraces shown in Fig. 5, we attribute this pattern to grow
related APB’s, which are aligned with straight step edges
the substrate and film surface, respectively. Moreover,
planar-view TEM image contains some twin boundar
~TB! along @110# and @ 1̄10#, traversing the planar APB’s.

Figure 9 shows a TEM image~cross section along theT
direction! of a YBCO film on 1.2° miscut SrTiO3. The den-
sity of defects is significantly reduced compared to YBC
films on SrTiO3~106!. Furthermore, the APB’s at the
substrate/film interface persist over a large fraction of
film thickness without being healed by inclusion of SF’s. It
worth mentioning, that CuO chains and CuO2 planes are
partially broken across an APB in theT direction, but mostly
continuous in theL direction. We therefore expect differen
transport properties along theL andT directions. Moreover,
the observed defects with a different shape and struct
width in YBCO films on SrTiO3 substrates with differen
vicinal angle should act as pinning centers with varying
ficiency.

.

FIG. 8. Low-magnification planar-view TEM image showing
strong diffraction contrast due to antiphase boundaries~APB! and
twin boundaries~TB!.

FIG. 9. High-resolution cross-section TEM image along theT
direction showing an extended antiphase boundary~APB! marked
by arrowheads.
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IV. TRANSPORT IN THE NORMAL
AND SUPERCONDUCTING STATE

A. Defect-related shift of the transition temperature

Figure 10 shows the resistivity of 120 nm thick YBC
films on SrTiO3~106! and 1.2° miscut SrTiO3~001! in theL
and T directions. The resistive transition temperatureTc of
various 120 nm thick films on SrTiO3~106! ranges between
87 and 88 K. It is slightly reduced compared to YBCO film
grown on almost atomically flat SrTiO3~001! substrates un-
der identical conditions (Tc'90–91 K!. TheTc of YBCO is
known to depend on the oxygen stoichiometry and spec
ordering of oxygen atoms in the basal CuO planes.24 The
position of theA1g mode in the Raman spectrum of YBC
films on SrTiO3~106! suggests fully oxygenated material.25

Therefore, the reduction ofTc must be related to the growth
related defects.

Modeling the influence of defects onTc quantitatively
using Abrikosov-Gor’kov pair-breaking theory26 would re-
quire assumptions about the pairing symmetry (d or s wave!
of HTSC’s and the magnetic moments of the defects. Si
these issues are still controversial, we provide a rough e
mate of the number of defects necessary to cause the
served shiftdTc of the transition temperature. Considerin
only defects at which the order parameter is reduced, we
model the interface between a defect and the supercond
ing matrix as a normal-superconducting interface.27 With this
approximation the relativeTc suppression is given by

dTc /Tc05S pjab~0!

2s D 2

, ~1!

whereTc0'93 K is the transition temperature of the defe
free material,jab(0)'1.5 nm is the Ginzburg-Landau cohe
ence length, ands is the average distance between defec
With dTc'5 K in YBCO on SrTiO3~106! we find s'10
nm, a value a little larger than the spacing of'6 nm be-
tween defects as revealed by combined STM and TEM d
Within the frame of the chosen model, this finding sugge
that the order parameter is not necessarily depressed at
of the observed APB’s.

FIG. 10. ResistivityrT,L in the T and L directions~see text!
versus temperature for 120 nm thick YBCO films on SrTiO3~106!
~solid line! and 1.2° ~toward @010#! miscut SrTiO3~001! ~dashed
line!.
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For comparison, the transition temperature of various 1
nm thick YBCO films on 1.2° miscut SrTiO3~001! does not
differ from the value observed in YBCO films grown o
almost atomically flat SrTiO3~001! substrates under identica
conditions.

B. Resistivity anisotropy

As can be seen from Fig. 11, the YBCO films o
SrTiO3~106! exhibit a resistivity anisotropy between theL
and T direction which strongly depends on the film thic
ness. The resistivityrL,T at 100 K, as well as the correspond
ing anisotropy ratioAr~100 K!5rT~100 K!/rL~100 K! for
each sample are also listed in Table I. With decreasing fi
thicknesst, Ar~100 K! increases from' 2.5 att5320 nm to
' 5.5 att560 nm ~see Fig. 11!.

The orthorhombicity of YBCO, i.e., the existence of co
ducting CuO chains between the pairs of CuO2 planes~along
a direction denoted asb), leads to anintrinsic anisotropy of
charge transport in theab plane which has been found t
vary nearly linearly with temperature (ra/rb'2.2 between
150 and 275 K!.28 Therefore,Ar(T) cannot be attributed to
the intrinsic anisotropy of the in-plane resistivity which
also not present in twinned samples. The YBCO films gro
on the perodically stepped SrTiO3~106! surface are
twinned.15

In order to understand the measured anisotropyAr , we
first examine the transport properties of a fictitious defe
free film, in which the YBCO unit cells are tilted with re
spect to the macroscopic film and substrate surface@i.e., the
~106! plane#. We shall add the contributions of defect sca
tering in the subsequent discussion. In theT direction, we
expect a complicated zig-zag current path along and perp
dicular to the CuO2 planes and the CuO chains. We mod
the macroscopic current as flowing through a network
resistors linked in series representing the in- and out-of-pl
contributions to the current path, which are determined
the tilt angleu. In this simple model the effective resistivit
of the fictitious film in theT direction can be deduced ac
cording to the expression

rT~u,T!5rc~T!sin2u1rab~T!cos2u, ~2!

FIG. 11. Resistivity anisotropyAr(10°,100 K)5rT /rL at 100
K versus film thickness for YBCO films on SrTiO3~106!.
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TABLE I. Summary of linear fit parameters,r(T)5r01aT for 100 K ,T. 290 K, resistivities at 100
K and resistivity anisotropiesAr5rT /rL for YBCO films on SrTiO3(106) with different thicknessest. The

subscriptsT andL indicate the@60 1̄# and @100# crystallographic directions as defined in the text.

Sample t r0,L aL rL(100 K! r0,T aT rT(100 K! Ar

~nm! (mV cm! (mV cm! (mV cm! (mVcm!

A 60 11.2 1.39 145 455 3.32 793 5.5
B 125 212.3 1.23 110 199 3.30 538 4.9
C 180 214.6 1.08 99 137 2.59 398 4.0
D 200 26.6 0.95 86 105 1.60 266 3.1
E 240 222.5 0.91 71 28.7 1.58 188 2.6
F 320 225.3 0.85 57 9.5 1.17 144 2.5
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whererab andrc are theintrinsic in- and out-of-plane resis
tivities of YBCO. Further, if we assume that the current
the L direction essentially flows along the CuO2 planes and
the CuO chains,rL is given by

rL~T!5rab~T!. ~3!

Using Eqs.~2! and~3!, we obtain the resistivity anisotropy o
the fictitious film:

Ãr~u,T!5cos2u1@rc~T!/rab~T!#sin2u. ~4!

To calculateÃr~10°, 100 K!, we use the intrinsic anisotrop
ratiosrc/ra~100 K! ' 63 andrc/rb~100 K! ' 120 measured
by Friedmannet al.28 in a twin-free crystal of YBCO. Our
model neglects contributions from twin boundaries and ot
defects. However, in order to account for twinning of o
films, we assume thatrab contains isotropic contribution
from both, the CuO2 planes and the CuO chains. We c
calculaterab by taking the geometric mean ofra andrb . In
this model of transport in a fictitious defect-free YBCO fil
with CuO2 planes tilted 10° with respect to the surface, t
anisotropy ratio isÃr~10°, 100 K! 5 3.6.

As can be seen in Fig. 11, the resistivity anisotro
Ar~100 K! of the YBCO films on SrTiO3~106! is reduced
with increasing film thickness and appears to be constan
film thicknesses larger than 200 nm. In contrast, Eq.~4!,
which only accounts for a combination of in- and out-o
plane transport, yields a thickness-independent anisotr
Ãr . Therefore, the measured resistivity anisotropyAr cannot
be entirely attributed to some additionalc-axis resistivity
for transport in theT direction. Because~i! rab~100 K!
5(rarb) 1/2530 mVcm, incorporated in Eq.~4! falls below
typical values of the best twinned crystals and~ii ! thec-axis
conductivity may be enhanced by interplanar disorder,29 Eq.
~4! overestimates the anisotropy resulting fromc-axis trans-
port in theT direction. However, there is no doubt that in th
thin films on SrTiO3~106! the dominant contribution to the
resistivity anisotropy originates from the defect miscrostr
ture.

Figure 12 displays the resistivity anisotropyAr(u,100 K!
of 120 nm thick YBCO films grown on vicinal SrTiO3~001!
substrates with different tilt angleu. Ar(u,100 K! increases
from '1 atu'0° to '4.9 atu'10°. To compare the mea
sured Ar(u,100 K! data with the model of transport in
fictitious film described above, we userc/rab~100 K!553.4
r

or

py

-

as derived from the anisotropy ratioAr~100 K! ' 2.5 for the
320 nm thick YBCO film on SrTiO3~106! as a representative
value of the effective intrinsic anisotropy ratiorc/rab~100 K!
in our films. However, evenAr~100 K! ' 2.5 is likely to be
influenced by twin boundaries, translational boundaries
stacking faults revealed by TEM. As can be seen from F
12, theÃr(u,100 K! data calculated from Eq.~4!, differ sig-
nificantly from the experimental data. This finding confirm
the dominant contribution of the defect microstructure to
resistivity anisotropy. It is reasonable to relate the dep
dence of the anisotropy ratio onu to an increasing density o
defects with decreasing substrate terrace width and co
spondingly increasing tilt angleu.

C. Systematics ofr„T…

The resistivity anisotropy between theL andT directions,
described in the previous section is correlated with the
isotropic nature of the defect microstructure revealed
combining the STM and TEM data. By investigating the sy
tematics ofrL(T) andrT(T) as a function of film thickness
we gain insight into the interplay between growth-relat
defects and charge transport in epitaxial films. In the follo
ing, we focus on YBCO films on SrTiO3~106!.

The measuredrL(T) data can all be accurately fitted by

FIG. 12. Resistivity anisotropyAr(u,100 K)5rT /rL at 100 K
versus tilt angleu for 120 nm thick YBCO films on vicinal
SrTiO3~001! substrates. Triangles represent experimental d
squares calculated data based on a model of combined in- and
of-plane transport~see text!.
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r~T!5r01aT, ~5!

where r0 is the residual resistivity which is generally a
cribed to static disorder~defects! anda represents the slop
dr/dT, wherer(T) is a linear function of temperature. Ev
dence for a deviation from theT-linear behavior is noted in
the transverse direction, ift falls below 60 nm:rT(T) is
linear for 150 K , T . 200 K, but shows a superlinea
upturn forT→300 K andT→100 K. Table I summarizes th
fits to the resistivity data for each sample. With decreas
film thicknesst, we find a systematic increase ofr0, r~100
K! anda in both directions.

At 100 K, the resistivityrL of the 320 nm thick YBCO
film on SrTiO3~106! is exceptionally small:rL~100 K!
'57 mV cm falls below the value of'902200 mV cm
typically observed in twinned single crystals of YBCO a
epitaxial films grown on well-oriented SrTiO3~001!.31 Fur-
thermore, the linear fit to the normal-state resisitivity of th
film yields a negative zero-temperature interceptr0 as well
as a remarkably small slopea'0.85 mV cm/K. It is instruc-
tive to compare the thin-film data with the magnitude andT
dependence ofra and rb in untwinned single crystals o
YBCO.28 While ra~T! extrapolates to negative values f
T→ 0 (r0,a'214 mV cm!, rb~T! shows a vanishingly
small residual resistivity. The slopeaL'0.85 mV cm/K of
the film resisitvity is only 1.5 times~3.4 times! larger than
that ofra(T) @rb(T)#. Note thata'223 mV cm/K is typi-
cally observed in thin films of YBCO on SrTiO3. It is evi-
dent thatrL(T) approaches the behavior for single-crys
specimens. Our findings suggest that only some twin bou
aries contribute to the resistivity along the current path in
L direction. However, with decreasing film thicknesst, rL is
enhanced and the zero-temperature intercept turns f
negative to positive values.

TherT(T) data from the 60 nm thick film on SrTiO3~106!
reflect transport properties markedly different from those
single-crystalline bulk material. The magnitude ofrT~100 K!
exceeds the values generally observed in YBCO thin film
In particular, the residual resistivityr0,T5455mVcm clearly
indicates a strong contribution of static disorder to the sc
tering of charge carriers. Witha53.3 mV cm/K, as derived
from therT(T) data, this sample exhibits a slope charact
istic of epitaxial YBCO films, but significantly smaller tha
that of a single crystal along the c axis
(a512.5 mV cm/K!.28 However, the exceptionally large re
sisitivity in the T direction is reduced with increasing film
thickness.

From the evolution of the growth morphology describ
in the previous section, it is reasonable to relate the syst
atic changes inrL,T(T) with t to a thickness-dependent d
fect microstructure. We expect the nonvanishing residual
sistivity to originate from different types of defects. W
assume that twin boundaries along@110# and@ 1̄10#, as well
as possibly randomly distributed point defects contribute
the resistivity in both directions. A different situation occu
if point defects accumulate at APB’s. We attribute the lar
resistivity in the transverse direction to APB’s generated d
ing coalescence of growth fronts at different stages
growth. Since we observe a defect-free overgrowth of st
and a healing of APB’s via SF’s, the number of defects a
consequently their influence on charge transport is redu
g
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with increasing film thickness. The observed SF’s presu
ably affect the out-of-plane resistivity. Several models
c-axis conductivity are based on the existence of disor
which, e.g., enables tunneling through localized state29

However, our experiments do not permit us to elucidate
mechanism ofc-axis transport.

A striking feature of the normal-state resistivity is th
marked difference in the slope of the twor(T) branches
corresponding to theL and T directions, respectively. It is
generally believed that static disorder affects the residual
sistivity r0, but not the slopea of r(T) ~at least for metals!.
Thus, the fact thatr0 and a simultaneously change with
varying film thickness suggests that the observed defect
crostructure affects theT-dependent carrier-boson scatterin
However, the systematics ofr(T) can be modeled as resul
ing from charge transport in an effective medium: The res
tivity in the T direction can be fitted reasonably well by th
resistivity in theL direction according to the relation30

rT~T!5C1rAPB1C2@r0,L1aLT#, ~6!

whereC1,1 andC2.1 are dimensionless geometric facto
which depend on the volume fraction as well as the spac
of the APB’s. The first term results from a fraction of th
transport current which directly crosses the APB’s, assum
that they contribute a finite resistivityrAPB. The second term
is obtained if we model the transport current in theT direc-
tion as additionally flowing parallel through an APB an
APB-free material. In particular,@r0,L1aLT# is the resistiv-
ity on the terrace which has been chosen to be the sam
the L and T directions. In the limiting case where some
the observed defects exhibit an infinite resistivity the seco
term also accounts for the effect of locally varying cro
sections and a lengthening of the current path, since
transport current will flow around such extended defec
Therefore, the difference in the slope of the twor(T)
branches may originate from percolation.

V. FLUX PINNING

A. Experimental results

1. Flux penetration into samples of square shape

After zero-field cooling a type-II superconductor and
successive application of external magnetic fieldsBext per-
pendicular to the sample surface, quantized flux enters
superconductor in the partly penetrated Shubnikov pha
Because pinning forces act on the individual vortices,
magnetic flux cannot fill up the sample homogeneous
Consequently, flux fronts are formed. The gradient and c
vature of the magnetic flux in the sample generate a cur
density j (r ) that takes the maximum possible valu
u j (r )u5 j c . For the partly penetrated state, an addition
screening currentu j su, j c in the flux-free zone compensate
the self-field generated by the macroscopic currentj (r ) in
the flux-carrying region.j (r ) has to satisfy the continuity
equation¹• j (r )50 ~no drains and sources! and has to flow
parallel to the sample edges. As a consequence of these
traints, the current lines exhibit sharp bends forming disc
tinuity lines along the diagonals of the square. At these lin
the orientation of the current changes discontinous
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whereas the magnitude remains the same. Thus, discon
ity lines divide the superconducting film into four domai
with uniform current flow.

In homogeneous samples, the penetration depths of
flux fronts which start penetrating at the middle of differe
sample edges are the same.32,33 With increasing externa
magnetic field, the penetration depth increases until
sample is completely filled by magnetic flux and the shie
ing current has reached the critical valuej c in the entire
superconductor. As an example, Fig. 13 shows the calcul
distribution of the magnetic flux at the surface of a 200 n
thick HTSC film of square shape~2 mm 3 2 mm!. An ex-
tension of the Bean model was used to calculate the
pattern in the fully penetrated state.32 The current lines su-
perimposed on the grayscale image represent the critical
rent flowing parallel to the film borders. The density of the
stream lines reflects the magnitude of the critical current d
sity. The flux pattern shown in Fig. 13 is typical ofhomoge-
neoustype-II superconductors, i.e., YBCO films grown o
well-oriented SrTiO3~001!.

Figure 14 shows the magneto-optically observed fl
pattern at the surface of a 360 nm thick YBCO film o
SrTiO3~106! in an external fieldBext532 mT, at 4.2 K. The
superimposed current lines were computed numerically fr
the measured flux density distribution by inversion of Bio
Savart’s law~see following section!. The dark spots in Fig
14 result from defects in the iron garnet indicator film us
as a field sensing element. Both, flux and current den
distribution differ significantly from the usual behavior o
homogeneous HTSC films~see Fig. 13 for comparison!. The
magnetic flux penetrates more easily in theL direction than
in theT direction. Because the dependence of the penetra
depth of the flux front on the external field is related to t
critical current density, the anisotropic flux penetration
YBCO on SrTiO3~106! also indicates an in-plane anisotrop
of j c . The anisotropic flux pinning results in two differen

FIG. 13. Calculated flux density distribution in a homogeneo
c-axis-oriented YBCO film of square shape. Lines indicating
current path are superimposed on the grayscale image~more black
corresponds to lower flux!. Current profiles display the critical cur
rent densitiesj x and j y along the dashed lines in thex andy direc-
tions. The modified Bean model results in a constant critical cur
density for the fully penetrated state under consideration.
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critical current densitiesj c,L and j c,T , parallel and perpen-
dicular to the observed planar defect strucure, respective

The anisotropy ratio of the critical current density can
derived from the relation32

Aj5
j c,T

j c,L
5

1

tana
, ~7!

where a is the angle between the discontinuity line a
sample edge as visible in Fig. 14. Using Eq.~7!, we find,
respectively, 2<Aj (u510°)<5 and 1.5<Aj (u51.2°)
<2.5 for YBCO films on SrTiO3~106! and 1.2° miscut
SrTiO3~001! with different film thicknesses.

2. Systematics of the critical current density

By means of the MOFE we determine thez component
~normal to the film surface! of the local magnetic induction
Bz(x,y) above the film surface. The magnetic induction r
sults from a superposition of the external magnetic fi
Bext5m0Hext and a magnetic self-fieldm0Hself„r …, which is
generated by the current density distributionj „r … in the
sample according to Biot-Savart’s law

m0Hself„r )5
m0

4pEV8

j „r 8…3„r2r 8…

ur2r 8z3
d3r 8. ~8!

The current density distribution is directly computed fro
the measuredBz(x,y) data using a numerical method to in
vert Eq.~8!. In this way, we determinej (x,y) with a lateral
resolution of less than 10mm. The computational method
recently improved by Joosset al.will be described in a sepa
rate publication.34

As an example, two profiles of the current density alo
the L and T directions in the 360 nm thick YBCO film on
SrTiO3~106! are shown in Fig. 14. We observe an enhanc

,

nt

FIG. 14. Magneto-optically observed flux density distribution
a square-shaped, 360 nm thick YBCO film on SrTiO3~106! at 32
mT and 4.2 K. Lines indicating the current path~calculated by a
inversion method, see text! are superimposed on the grayscale im
age~more black corresponds to lower flux!. Current profiles display
j c,L and j c,T along the white dot-dashed lines marked bys and,

in the greyscale image.
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critical current density j c,L52,531011A/m 2, whereas
j c,T50.831011A/m 2 exhibits a magnitude generally ob
served in YBCO films.

We have studied the systematics of the flux penetratio
YBCO films on SrTiO3~106! as a function of film thickness
Anisotropic flux pinning was observed for thicknesses ra
ing from 22 to 360 nm. Despite a large number of samp
studied we cannot offer a conclusive picture of the dep
dence of j c on thickness. The anisotropy ratioAj and the
critical current densityj c of some representative YBCO
films on SrTiO3~106! with different thicknesses, determine
at Bext'30 mT and 4.2 K, are summarized in Table II. How
ever, Aj and j c exhibit maximum values for thicknesse
t between 50 and 250 nm, i.e., we observej c,L5831011

A/m 2 and Aj54.7. Note that the critical current densi
j c,L5831011 A/m 2 exceeds by far the values generally o
served in YBCO films. Witht.250 nm andt,50 nm, the
critical current density in theL direction is reduced, wherea
j c,T remains almost constant.

In view of the evolution of the growth morphology de
scribed in the previous sections, it is reasonable to re
these findings to a thickness-dependent defect mi
structure. However, variations of the perfection of t
SrTiO3~106! substrate surface structure, some variations
the miscut as well as the patterning of the samples may re
in deviations from a unique behavior. The thicknes
dependent variation of the anisotropy ratio is predominan
caused by changes inj c,L . It is associated with a macro
scopic pinning force in theT direction which is in turn re-
lated to the defect planes~i.e., APB’s! in the L direction.
With a film thickness smaller than 50 nm, the terraces
frequently interrupted in theL direction ~see Fig. 4!, al-
though they become continuous as growth proceeds. M
over, the YBCO terraces become larger than those of
clean substrate, a fact which indicates that the numbe
APB’s is somewhat reduced by a partial overgrowth of ste
Therefore, the maximumj c,L is observed if the microstruc
ture in theL direction becomes homogeneous with a lar
density of APB’s, i.e., if the defect microstructure exhibits
maximum anisotropy.

We find some'50 mm wide filamentary structures in th
magnetic field distribution along theL direction for YBCO
films on SrTiO3~106!. The decreasing anisotropy ratio of th
critical current density is associated with a smoothing a
broadening of the filamentary structures with increasing fi
thickness. Further investigations of this phenomenon ar
progress.

TABLE II. Summary of the critical current densitiesj c,L and
j c,T , as well as the anisotropy ratioAj5 j c,L / j c,T at 30 mT and 4.2
K for YBCO films on SrTiO3(106) with different thicknessest.
The subscriptsT andL indicate different crystallographic direction
defined in the text.

Sample t j c,L j c,T Aj

~nm! 1011 A/m2 1011 A/m2

A 22 5 1.5 3.3
B 55 8 1.7 4.6
C 240 8 3.0 2.7
D 360 2.5 0.8 3.1
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For u51.2°, the maximum critical current density is sig
nificantly smaller than that of YBCO films on SrTiO3~106!,
i.e., we observej c,L<2.231011 A/m 2, and j c,T also ranges
from 0.821.231011 A/m 2. This finding suggests that th
small APB’s and stacking faults in films on SrTiO3~106!
rather than the extended APB’s in films on 1.2° misc
SrTiO3~001! are responsible for effective flux pinning.

B. Discussion of pinning mechanisms

In view of the fact that the exceptionally large critic
current densityj c,L is linked to anisotropic pinning forces
we restrict the discussion of possible pinning mechanism
planar defects. In HTSC’s effective pinning forces res
from inhomogeneities on the length scale ofjab
(jab,,lab). We discuss in the following two sorts of pin
ning mechanisms usually calleddTc and d l (dk) pinning1

under the assumption that suprastrictive interactions~associ-
ated with stress fields near lattice defects! do not contribute
significant pinning forces in HTSC’s.14 For dTc pinning,
disorder-induced spatial variations inTc resulting from a lo-
cal suppression of the superconducting order parameterc at
defects predominantly cause a spatial modualtion of the
ear and quadratic terms of the Ginzburg-Landau free-ene
functional (aucu21b/2ucu4). In contrast, disorder-induce
spatial variations of the charge carrier mean free pathl , and
possibly also the effective-mass tensor, near lattice def
that do not necessarily cause a significant suppressionc
affect the nonlinearu¹cu2 term leading to a different pinning
mechanism, calledd l pinning. To enable aqualitative
understanding of the magnitude ofj c in YBCO films on
SrTiO3~106!, we provide a crude estimate of the pinnin
forces based on the observable experimental data.

1. AnisotropicdTc pinning at planar defects

Because CuO2 planes and CuO chains are partially br
ken across the APB’s and we observe a spatially restric
distortion of the crystal lattice in conjunction with these d
fects, it is reasonable to assume a small local depressio
the superconducting order parameterc associated with a lo-
cal suppression of the transition temperatureTc at APB’s.
This assumption is sustained by the argument of Deutsc
and Müller,35 that the suppression ofc at lattice defects is
effected by the small coherence lengthjab(4.2 K)'1.5 nm
in YBCO. Generally, the relative suppression ofTc at defects
is expressed in terms of a disorder parameterd:
dTc /Tc'd512ucd /c`u, wherecd denotes the reduced or
der parameter at the lattice defect andc` the order paramete
associated with a homogeneous superconductor. To pro
a quantitative estimate of thedTc /Tc at the observed APB’s
we model the defect plane as a normal-superconducting
terface with the resultant variation of the order parametec
given by36 the linear extrapolationdc/dx'c` /b. Using the
expression1 b'jab

2 /a, where a50.38 nm is the mean in-
plane lattice constant of YBCO, the extrapolation lengthb is
found to be 5.9 nm. The disorder parameterd characterizing
a planar defect in a superconducting matrix can be estim
to be d'r p/2b. With the structural widthr p of the APB’s
ranging between 0.7 and 2 nm as revealed by TEM, we
tain d50.06–0.17. AssumingTc,0590 K, we thus find aTc
suppression ofdTc5 5.4–15.3 K at APB’s.
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For vortex interaction with a spatial variation of the tra
sition temperature, expressed by the parameterd, the pinning
energy per unit length of a vortex that is pinned over a p
tion l p /t of the film thickness is given by1

ep52
l p

t

dF0
2

4pm0lab
2

, ~9!

whereF0 is the flux quantum andlab the penetration depth
in the ab plane. The maximum pinning force which acts o
a single vortex line in a direction perpendicular to the def
plane,

f''ep /jab5
F0

2

4pm0lab
2

d l p

tjab
, ~10!

is related to the critical current density in theL direction. For
small magnetic fields, we estimate

j c,L< f' /F0 . ~11!

Assuming thatdTc510 K at an antiphase boundary and
maximum pinning lengthl p /t51, we obtainj c,L

max'431011

A/m 2 as an upper estimate of the critical current density.
in fact, the relevant pinning length werel p /t,1, theTc sup-
pression at APB’s would be significantly larger than 20 K
order to account for the observed exceptionally large crit
current densityj c,L'831011A/m 2. In view of the relatively
large extrapolation length, and the fact that the structu
width of most APB’s is smaller than 1 nm,dTc.20 K ap-
pears to be unreasonable. However, such a strongTc sup-
pression may occur at the observed extended defects.

We observe the same magnitude ofj c,L
max if we take into

account the fact that a vortex located at a planar defect w
reducedTc turns into a vortex with a highly anisotropi
core,37 i.e., Abrikosov-Josephson vortices are formed. Th
findings suggest thatdTc pinning at planar defects canno
explain the observed magnitude ofj c,L . An additional pin-
ning mechanism is required which will be discussed in
following section.

2. Anisotropicd l pinning at planar defects

Pinning can also result from spatial variationsd l in the
charge-carrier mean free pathl near lattice defects. As al
ready shown by Zerweck,38 carrier scattering at grain bound
aries leads to pinning because of the spatially varying co
ence length. It follows from the microscopic theory39 that the
pinning energy at a planar defect, which exhibits a structu
width of r p<jab is enhanced by a factorjab /r p.1 in com-
parison with the predictions from Ginzburg-Landau theo
In fact, the existence of locations with enhanced carrier s
tering helps the order parameter to adjust itself to the ra
changes required by the presence of the vortex with a nor
conducting core. Recently, Griessenet al.13 concluded from
measurements of the temperature dependence of the cr
current density thatd l pinning is dominant in YBCO thin
films.

In the following we provide an estimate of the critic
current density ford l pinning at planar defects using quas
classical theory, following the approach of Thuneberg.40,14

The relevant quantities for the pinning energy can be
-

t

,

l

al

th

e

e

r-

al

.
t-
id
al

cal

-

pressed in terms of the charge-carrier mean free patl ,
which we compute from our experimental resistivity data
YBCO films on SrTiO3~106!. Because the observation o
flux penetration into superconducting films by means of
MOFE is performed at low temperatures, we are intereste
the mean free pathl due to scattering by static disorder~lat-
tice defects!, characterized by the residual resistivity. In th
static limit of the Drude model,l is related to the residua
resistivity by

l 5
\

e2S 3p2

n2 D 1/3
1

r0
, ~12!

wheren is the hole density. As an example, we calculatl
for the 60 nm thick film. Using a typical value o
n'2.531021cm23 and the measured resistivit
r0,L510 mV cm which is close to that observed in sing
crystals of YBCO, we findl L'70 nm in theL direction. The
mean free path in theT direction can be estimated usin
l T' l Lr0,L /r0,T to be'2 nm. The smallness ofl T is reason-
able, since according to our investigations of the structu
properties of the YBCO films the growth-related APB’s a
typically 4–7 nm spaced apart. Consequently, the AP
with a structural width ofr p,jab are very effective in sus-
taining the generation of large gradients in the order para
eter which exist in the vicinity of a vortex core.

We use next a result from quasiclassical theory, dev
oped from the BCS-Gor’kov theory, with the effect of plan
defects modeled as scattering by numerous (n→`) point
defects which form a plane withr p,jab . In this model, the
pinning energy per unit length for small magnetic fields a
high Ginzburg-Landau parameterk is given by

ep5
8

8.414x~r i !
F (

n50

`
1

~2n11!2~2n111r i !
2G

3
Hc

2

8p
S~ptr'1ptri!U~x!, ~13!

where Hc is the thermodynamical critical field
x(r i)'0.95(n50

` @(2n11)2(2n111r i)#21 is the Gor’kov
impurity function andr i'jab / l the impurity parameter. Be
cause of the small mean free pathl T'2 nm perpendicular
(') to the defect planes, it is reasonable to assume a tr
port scattering probabilityptr' to be in the order ofptr''1.
To estimate the transport scattering probabilityptr,i parallel
to the defect planes, we distinguish two cases: If a vorte
located between defect planes,ptr,i is very small because
l i'70 nm resembles the value typically observed in sin
crystals. In contrast, if the vortex is directly located at
defect plane, we expectptr,i'1 because of the smallness
the mean free pathl''2 nm. Due to the defect-related an
isotropy of the transport properties, the cross sectionS of the
vortex core can be reasonably approximated by an ellipt
area:S5pj ij' . In Eq. ~13!, all factors of order of unity are
neglected. In order to obtain the maximum pinning force
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use an upper estimate14 of the pinning potentialU(x) which
depends on the distancex between the vortex and the defe
plane: U(x)'1.5 ~corresponding to a vortex sitting at th
defect plane!. Moreover, assumingS'pjab

2 , we can derive
f' from Eq. ~13! and, thus, obtainj c,L5131012 A/m 2, ne-
glecting the contribution ofptr,i and usingl p /t51. For this
estimate a mean free pathl 52 nm in theT direction was
inserted in Eq.~13!. If we consider additionally the paralle
scattering for a vortex sitting in the APB plane, we obta
critical current densities of the same magnitude even if
assume a finite pinning lengthl p /t'0.5.

Our above calculations are based on gross estimate
enable a basic understanding of the exceptionally large c
cal current densties and therefore a connection to the obs
able experimental data. For a more quantitative treatm
the variation of the carrier mean free path in a network
planar defects must be modeled as a function of the dista
and angle to a plane. Also, the change in coherence le
with the mean free path and the formation of an elliptic v
tex core at the scattering plane38 must be taken into accoun

Experimental measurements indicate a different dep
dence of j c,L and j c,T on temperature and magnetic fiel
Further studies to establish a conclusive picture of the do
nant pinning mechanism in these particular films are
progress.
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VI. CONCLUSION

We have generated substrate surfaces, ideally suite
introduce an array of antiphase boundaries with determi
density into epitaxial YBCO films. The vicinal surfac
SrTiO3~106! promotes self-organization of the YBCO ad
layer in a particularly efficient way. The resultant micr
structure, aligned with the regular substrate step edges, l
to a pronounced thickness-dependent anisotropy of the
plane resistivity and flux penetration into samples of squ
shape. Specifically, we find an exceptionally large critic
current density up to 831011 A/m 2. Connecting the experi-
mental observations with microscopic pinning theories in
cates thatd l pinning, related to an array of antiphase boun
aries and stacking faults, is responsible for this stro
enhancement ofj c . This presented results suggest that t
film growth on tailored substrate surfaces is a promising t
in scientific investigations of pinning mechanisms and te
nologically driven efforts to enhance the critical current de
sity in HTSC’s and to tailor anisotropic transport propertie
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