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We have observed anisotropic flux pinning and resistivity in the substrate plane ofC¥Ba,_ s (YBCO)
thin films grown on vicinal SrTiQ(001) with thec axis oriented along the SrTij001] 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 ¥018'A/m? 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 surfad&0163-18207)07537-]

I. INTRODUCTION sity [j(B=0, 77 K} = 2.02x 10'° A/m?] shows a magni-
tude commonly observed in epitaxial films. It has been re-

The nature of flux pinning in high-temperature supercon-cently suggestéd on the basis of the temperature
ductors(HTSC’s) is of fundamental and technological inter- dependence djf, that a spatial variation in the charge-carrier
est. The polyatomic composition of HTSC’s leads to a widemean free patth near lattice defects leads to effective pin-
range of possible defects which may give rise to differenthing in epitaxial YBgCu3O; and YBgCu,Og films. This
pinning mechanisms with varying efficiency. To shed lightmechanism is calledsl pinning, in contrast todT,
on these issues, a systematic investigation of the interplaginning, " where disorder causes a suppression of the su-
between different types dftrinsic defects and flux pinning Perconducting order parameter associated with a spatial
is needed. variation of the transition temperatufe .

It has been found that randomly distributed point defects Here we demonstrate an unusual approach, the controlled
(i.e., oxygen vacancigsn YBa,CuzO, 5 (YBCO) single generation of an array of_ antiphase poundarles with an ex-
crystals lead to a weak collective pinnih§whereas twin tqued,plar!ar structure via self—grggmzaﬂon of YBCO on
boundaries cause a correlated pinning as well as a channelivICInaI SITiOL(000) surfaces. Pinning by these coherent

n ) ; .
of vortices along twin planeSMoreover,artificial columnar dRfects results in a substantial enhancemep(&=60 mT,

11 2 i -
defects fabricated by heavy-ion irradiation cause strong corf"2 K) up to 8<10% A/m". Moreover, this set of coher

lated pinnind. Specificall d col defect ent defects causes an anisotropy of the magnetic flux pen-
related pinning. specinically, crossed co umnaar ezec S €M atration in theab plane when the weak external magnetic
hance the critical current density up to 1x 10'° A/m? (4.2

k . field is oriented parallel to the axis (i.e., perpendicular to
K) in YBCO single crystal_§. . o __ the CuG, planes and correspondingly parallel to the defect

It is well known that epitaxial YBCO thin films exhibit a planes.
critical-current density which is at least one order of magni-  The |arge density of defects necessary to achieve effective
tude larger than that of twinned single crystals. Grainpinning has significant impact on the transport properties of
boundarie$, precipitates, intrinsic ~ pinning? surface  the epitaxial thin film: We observe a pronounced anisotropy
roughness, dislocation chains in growth terracEs,and o the in-plane resistivity, as well as a small reductiorgf
screw dislocations have been suggested as a possiblgyowever, the electronic conductivity in YBCO films on vici-
source of effective pinning in YBCO films. But despite the 5| 51Ti0,(001) substrates is a combination of in-plane and
enormous efforts, the strong pinning sites generated duringyt_of-plane transport modified by defect scattering. Study-
film growth have not yet been identified. ing the systematics of the resistivity as a function of film

However, the layered structure of HTSC's and thermakpickness we can gain insight into the nature of charge trans-
fluctuations resulting in a depinning of vortices, require co-pot in epitaxial thin films.

herent defectsi.e., line or planar defectdo achieve effec-
tive pinning and largg.. For example, it has been foulid
thatcolumnardefects in YBCO films which originate from a
mosaicity of a 1.6° miscut LaAl@ substrate enhandg in YBCO films with a thickness ranging from 24 to 360 nm
an external magnetic field of 1 T, oriented between ¢he were grown by pulsed laser depositieRLD). The PLD
axis and the Cu@planes[j.(B=1 T, 77 K) = 0.52x10%°  chamber is coupled to a UHV system with a base pressure of
A/m?], while at zero magnetic field the critical current den- about 5<10 ! mbar. This enables us to perform most of

Il. EXPERIMENTAL PROCEDURES
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our studiedn situ. The SrTiO;(001) substrates were cut and . STRUCTURAL PROPERTIES
polished 1.2° or 10° off thé001) plane toward[010] as
confirmed by x-ray diffraction. The substrates were annealed
in UHV (<10"° mbay at a temperature of 950 °C for 2 h. _ The heteroepitaxial growth ot-axis-oriented YBCO
This sufficed to generate a well ordered and clean surface, 44ms on well-oriented SrTiQ(001) generally proceeds via
judged by low-energy electron diffractioh EED) and Au-  formation of essentially three-dimensional islands on the
ger electron spectroscopy. The loss of oxygen during UHWristine substrate surface for the Volmer-Weber growth or on
annealing results im-type conductivity which enables us a wetted substrate surface for coherent Stranski-Krastanov
to image the clean substrate surfaces by UHV-scanning turgrowth. The growth mode primarily depends on the lattice
neling microscopy(STM) prior to deposition. The YBCO mismatch between SrTiQand the HTSC material, the su-
films were grown at a substrate temperature of 750 °C in apersaturation(i.e., the excess of adsorbed particles on the
oxygen pressure of 0.2 mbar, oxygenated750 mbar Q)  substrate surface produced by the impinging Jfluke sur-
immediately after deposition, and cooled to 450 °C.face and interface free energy as well as the surface diffusiv-
The samples were kept at this temperature for 20 min angly. Because surface steps and kinks are often higher binding
finally cooled to room temperature. This procedure was openergy locationgbecause of a higher coordinatipthey can
timized in terms of the superconducting propertié®.,  act as preferred adsorption sif@s least for homoepitajyf
maximum transition temperatufie ~90-91 K of films with  {he particles supplied by the impinging flux have sufficient
a thickness of more than 120 nm grown on well-orientedyqpility, they can diffuse to a step at a distance smaller than
SrTiO5(00) substrates which exhibit atomically flat ter- yhe gifusion lengthy.. Particles farther away from the sur-

rac:fst’ef]?gg tf;’:ll_nDZS?Onm W'q[ﬁ’ az revei!ed byhUHt\)/ -STM. face step arrange themselves in epitaxial islands if the super-
process  the 0eposilion Chamber WasSq,y, ation on the terrace suffices to create nuclei with a criti-
pumped to a pressure of less than 70mbar and the cal radiust?
samples were transferr_e dtothe STM stage W ithout exposing Surfacé steps and kinks are directly produced by vicinal
them to air. All STM images were taken in the constant . g .
off cut; a crystal surface misoriented slightly with respect to

current mode with tunneling currents of 0.2—0.3 nA and a low index directi : . .
positive sample bias of 0.75-1.9 V. Our STM achieves £ low index direction displays terraces of low-index orienta-

resolution better than 0.01 ntd.2 nm vertically (laterally) tion and stc_eps which accomodate the misorientation. As an
on semiconductor surfaces. The STM scanner was calibrate@mple, Fig. @@ shows the UHV-annealed surface of 1.2°
with the 7x 7 reconstruction of a §111) surface. (off (001), toward[010]) miscut SrTi0;(001). Carefully an-

The quality of the epitaxy, i.e., the degree of twinning andnealed vicinal SrTiQ(001) surfaces are remarkable, since
growth-related strains in our YBCO films, was analyzed bythey exhibit step edges which are extremely straight and ex-
x-ray diffraction on a four-circle diffractometér. Cross- clusively aligned alond100] and [010]. Furthermore, the
sectional and planar transmission electron microscopyerrace widths are almost constant, thus indicating repulsive
(TEM) was used to examine the defect microstructure. step-step interactions. A cross section along the white line of

The temperature dependence of the resistiviT) Fig. 1(a) [see Fig. 1b)] displays~ 18 nm wide(001) terraces
was measured by a conventional four-probe method on 108eparated by steps, mostly 0.39 nm higbrresponding to
um wide microbridges which were patterned by standardhe SrTiO; unit cell heighj. Moreover, we observe some
photoresist lithography and chemical etching. The micro~37 nm wide terraces along with double unit-cet (.78
bridges were aligned with thgl00] and[010] directions of  nm) high steps. This regular array of straight step edges run-
the SrTiO;(001) substrates. The two directions used in thening parallel to[100] dramatically affects the migration of
resistivity measurement will be denoted byand T, respec- deposited particles on the SrTi®01) surface. With a ter-
tively, since they coincide with the directions longitudinal race widthA <\, those particles form a smooth layer with-
and transverse to straight step edges on the substrate and fibut reaching a supersaturation sufficient for nucleation of
surface. As will be shown in the following, these step edgesslands on the terraces and, thus, at the beginning a replica of
are linked to the defect microstructure in the epitaxial films.the stepped substrate surface is generated; a process which
Throughout this paper we will use zero resistivity we call self-organization. Consequently, the growth proceeds
[p(T.)=~0] to define the transition temperatuife. at the beginning similar to the typical step flow. The surface

By means of the magneto-optical Faraday effect of a 120 nm thick YBCO film on 1.2° miscut SrTi0001) is
(MOFE) the penetration of magnetic flux was visualized af-shown in Fig. 1c). It displays\* =100- 130 nm wide ter-
ter cooling the film at zero-field from room temperature toraces generated by the self-organization of the YBCO. How-
liquid-He temperature and subsequently applying an externadver, the film terraces are about six times larger than those of
magnetic field By) perpendicular to the film plane. The the clean substrate surface indicating a tendency to overgrow
samples were patterned by standard photoresist lithographyy fraction of the substrate steps. We shall return to this phe-
and chemical etching into 2 mms 2 mm squares with the nomenon in our subsequent discussion of the defect micro-
edges aligned with thé. and T directions. Because the structure and morphology of YBCO films on SrTi(106).
HTSC'’s themselves exhibit only a weak Faraday effect, an Figure Xc) shows a 45 nnx 75 nm large island on a 130
iron-garnet film was placed directly on top of the sample asim wide film terrace. The enlarged terrace width obvi-

a field-sensing element. Thus, under crossed polarizers thmusly led to the transition from step-flow growth to island
flux carrying regiongShubnikov statesappear bright, while formation. Even some growth islands consisting of stacks of
the Meissner states are dark. In this way, we detect the locéérraces are detected in different surface regions of this
magnetic field with a lateral resolution of less than 4. YBCO film [see Fig. 1d)]. The crossover terrace widi*

A. Growth mode on vicinal surfaces
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FIG. 1. (8 350 nmXx 350 nm UHV-STM image of vicinal SrTig(001): The crystal was cut 1.2° offd001) toward[010]. (b) Cross
section of the topography along the white line displaye@jn(c) 350 nmXx 350 nm UHV-STM image of a 120 nm thick YBCO film grown
on the 1.2° miscut SrTig001) shown in(a). (d) Different surface region of the YBCO film displaying a concentric growth island.

must be close to the diffusion lengths for our chosen growth mechanism. We are not dealing with homoepi-
growth parameters, i.ehg~\*~100 nm. taxy and YBCO building blocks which nucleate at steps
Because kinks can act as the most favorable attachmemust be strained to match SrTiGn the (001) and (010
sites for deposited particlegertainly for homoepitaxy a  plane. UHV-STM studie®§ of YBCO nucleation on vicinal
substrate surface containing a large number of kinks leads t#8rTiO5(001) suggest that the nucleation mode depends on
a dramatic change in the surface morphology of the adlayethis strain and the chemical misfit. However, further investi-
As an example, Fig. (@) shows the surface of 2.6° miscut gations are needed to establish a conclusive picture of the
SrTiO5(001). The regular kink structure visible in this STM nucleation process.
image appears when the miscut is towgid 0]. A cross
section along the white line in the STM image display35
nm wide (001) terraces separated by steps of different
heights(1.17, 1.56, and 1.95 nmall larger than the lattice A crucial step to modify the transport properties and to
constant of SITiQ [see Fig. &)]. The kinks appear to force enhance flux pinning in a controlled way is the structuring of
step bunching. As can be seen from Fi¢c)2this structure the substrate surface. In the previous section, we have dem-
of the SITiO; surface leads to a particular growth pattern ofonstrated a close relationship between the growth pattern of
the YBCO film. The 60 nm thick layer exhibits elongated YBCO films and the substrate surface structure which
islands which terminate in ragged step edges. The shape efrongly depends on the angle of misorientatfothe miscut
the islands is reminiscent of the kink structure of the cleardirection, as well as the temperature. Figufe) 3hows the
substrate. surface of 10° miscut SrTigi001) after UHV annealing at
So far, we did not consider the influence of the mis-950°C. Because a sufficient mobilifdiffusivity) of surface
match between SrTi@ and the HTSC material on the atoms is needed for structural changes to occur, we expect

B. Tailored substrate surface
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FIG. 3. (@) 100 nmXx 100 nm STM image of SrTig(106) after
UHV annealing(see text (b) Cross section of the topography
along the white line displayed ifa). (c) Corresponding LEED pat-
tern (electron energy= 42 eV).

FIG. 2. (@ 150 nm X 100 nm UHV-STM image of vicinal
SrTiO5(001): The crystal was cut 3° off001) toward[110]. (b)
Cross section of the topography along the white line displayed in
(8. (c) 350 nm X 350 nm UHV-STM image of a 60 nm thick Unit cells, i.e., under our preparation conditions a stable
YBCO film grown on the 3° miscut SrTigt001) shown in(a). SrTiO3(106) surface is generated which appears to exhibit

6Xagrio, wide (001) terraces separated by unit-cell high
that the surface structure will be freezing in at some temperasteps. The LEED pattern shown in FigcBis characteristic
ture while cooling the sample from 950 °C to room tempera-of a single domairi2x 6) reconstruction, but displays a char-
ture. Therefore, the UHV-STM image acquired at room tem-acteristic modulation of the spot intensities. The diffraction
perature reflects a surface structure at some highgrattern of a periodic array of terraces is determined by the
freezing-in temperature. As can be seen from the crosatomic reconstruction on the terrace and periodic arrange-
section of the topography in Fig.(1®, the periodic row- ment of the steps. Because the periodicity of the nanoscale
like structure visible in Fig. @ consists of 2.3 nm wide step structure equals the lattice constant of SgTi@ulti-
SrTiO4(00)) terraces separated by straight steps in€id]  plied by six, we suggest that the observed LEED pattern
direction, mostly 0.39 nm high. This finding implies that results from a convolution of the scattering amplitude due to
the regular nanoscale terraces are comprised of six SrTiOthe periodic array of steps and2X 2) reconstruction in the
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FIG. 4. 350 nmx 350 nm STM images dfa) 24 nm,(b) 60 nm,(c) 120 nm, andd) 240 nm thick YBCO films grown on UHV-annealed
SrTiO3(106). Arrowheads indicatéa) local disruptions of the terrace structure &gl ragged step edges referred to in the text. The two
directions used in transport measurements are denotddandL. (e) Cross section of the topography of the 24 nm thick film along the
white line shown in(a).

[100] direction on the terracialong the step edges, see Fig. cent of those of the clean substrate surface. They are sepa-
3(c)]. Reconstructions with a twofold periodicity are actually rated by straight steps alofigj0Q] (i.e., they are aligned with
frequently observéd?® on SrTiO,(001). the steps on the clean SrTiGurfacé. In the following, the
As demonstrated in the previous section, the uniformlydirections which are longitudinal and transverse to these step
spaced steps and the straight step edges of the vicinal surfaedges will be called. and T, respectively. Witht=24 nm,
are expected to promote self-organization of the adlayer in ¢e terraces are frequently interrupted in thdirection[i.e.,
particular efficient way. Because the 0.39 nm high SrJiO the film thickness is not homogeneous in this direction and
steps are only a fraction of the YBCO unit cell alongdts the film exhibits islandlike features; see Figa@. Further-
axis (c~1.2 nm), dislocations are presumably formed at themore, the terrace lengths are fairly periodic along Thdi-
step edges. Therefore, we have generated a substrate surfaeetion. As can be seen from Figs(b#4(d), the YBCO
ideally suited to introduce an array of determined density ohanoscale terraces become continuous inLttdirection as
defects into epitaxial YBCO films in a controlled way. growth proceeds. Moreover, the width distribution of the ter-
races becomes more regular, almost peridfic a detailed
_ discussion of this issue, we refer to a previous publicatjon
C. Growth morphology on SrTiO 5(106) However, even witht>60 nm, we observe some nanoscale
The STM images of YBCO-covered SrTi106), shown terraces of finite length in thie direction which terminate in
in Fig. 4, reveal the evolution of the layer morphology with ragged steps with their edges aligned along Thdirection
increasing film thickness. The growth pattern differs dis- [see Fig. 4c)].
tinctly from the morphology of YBCO films on well-oriented We suggest different sources of the local discontinuity of
SrTiO4(001) which displays square islands or spiral growth the terrace structure. Although not directly imaged by STM,
features, depending on the substrate preparation and growéhsmall numbéf of Y ,05 precepitates has been found by
conditions. In Fig. 4a), we find nanoscale terraces remines-cross-sectional TEM. The growth front might be pinned by
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FIG. 5. (8) 100 nmX 100 nm STM image of a 240 nm thick sentation as three perovskitelike blocks) lllustration of the for-
YBCO film grown on UHV-annealed SrTigh106). (b) Cross sec- mation of an antiphase boundary at a substrate step: domains nucle-

tion of the topography along the white line displayedan ati_ng on adjacent terraces are sh_ifted vertically by a _fraction of the
unit cell. (c) A change of the stacking sequence on adjacent terraces

this off-stoichiometric material. Furthermore, the discontinu-allows a smooth and defect-free overgrowth of a substrate step.
ity of the YBCO terraces might be related to strain fields in

the vicinity of growth-related defects. We have shown in theTEM image(cross section along tHE direction of a YBCO
previous section that kinks on the substrate surface lead #im on SrTiO4(106). The periodicity of the YBCO lattice
the formation of elongated cigarlike islands terminating injs strongly disturbed. CuO planes visible as bright lines
ragged step edges. Thus, also the existence of kinks resultinge frequently interrupted, shifted vertically, or even slight-

from a small additional miscut in thé direction can be |y peni Continuous, undisturbed planes exist only up to
responsible for the observed local discontinuity of the ter- length(in the T direction of about 6-8 nm. The extent of

racﬁ?é STM image of Fig. &), shows on a smaller scale an this disorder renders the identification of individual defects
9 9. &, more difficult. In particular, the substrate/film interface ap-

almost periodic array of YBCO terraces on the surface of the . o .
240 nm film. This periodic morphology originates from self- pears to be _sllghtly out of focus,_ but we can still identify
organization of YBCO enabled by the particular growth ki- the descgndlng sequence pf Sr_'§|©teps anng[O_lO] (M.
netics on the terraced SrTiOsurface?! The profile of the The_c axis of the material is oriented perpendlc_ular tq the
topopraphy in Fig. &) shows straight step edges spaced 4757 T103(000) terraces, as corroborated by x-ray diffraction.
nm apart and growth steps of different heights, all less than The large scale micrograph, Figay, contains numerous
CvBco™ 1.2 nm[see also F|g (@)] These ﬁndings |mp|y that APB'’s, d|reCt|y arising from mOStly 0.39 n@nd some 0.78
antiphase boundarie§APB’s) with a planar structure are NmM) high substrate steps which are shorter than the YBCO
formed upon coalescence of domains nucleating on adjacetfit cell along itsc axis (c~1.2 nm). However, the APB’s
terraces which are shifted vertically by 0.39 risee sche- are healed after a few unit cells from the substrate surface by
matic illustration in Fig. €b)]. Because~0.6 and~0.8 nm inclusion of SF’s lying in th€001) plane[see also Fig. (b)].

high growth steps are observed, we also expect some stacktoreover, the number of APB’s is smaller than that of the
ing faults (SF’'s) along thec axis. The fact that the regular SrTiO5 steps, indicating the tendency to overgrow a fraction
film terraces are 2-3 times wider than those of the cleamf substrate steps. This scenario might be made possible by a
substrate suggests a partial overgrowth of SiT#feps. This  variable stacking mode at the interface. Our recent results
observation is consistent with the existence of a variablgrom x-ray standing wave measureméntsuggested the ex-
stacking mode on the SrTiDsurface recently proposed by istence of this mechanism: on a TjQerminated SrTiQ

Zegenhageet al** (see following section surface, the stacking sequence starts with JFERO-
D. Epi d det ) Cu0,-Y-CuO,-BaO-CuO--- or TiO,-BaO-CuO-BaO-
- Epitaxy and defect microstructure CUO,-Y-CUuO,-- - - . The variable stacking mode reduces the

The growth pattern of YBCO films on SrTi§0106) im- number of APB’s initiated from the substrate steps, as sche-
plies a characteristic defect structure. Figufa) Bhows a matically illustrated in Fig. &), and permits a defect-free
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FIG. 8. Low-magnification planar-view TEM image showing a
strong diffraction contrast due to antiphase bounda@é?B) and
twin boundariegTB).

anisotropic nature of the defect microstructure. As a conse-
quence of the large density of defects, the low-magnification
[001] planar-view TEM image in Fig. 8 shows a strong dif-
fraction contrast. Since APB'’s are mostly curved and formed
incoherently within the layering sequeneeze Fig. 7c)], the
image contrast reflects a projection of various defects, rather
than features from an individual boundary. However, in
some regions we can clearly resolve a regular intensity pat-
tern with bright lines almost parallel {d.00]. Since the pe-
riod of these lines is comparable to the width of the YBCO
terraces shown in Fig. 5, we attribute this pattern to growth-
related APB’s, which are aligned with straight step edges of
the substrate and film surface, respectively. Moreover, the
planar-view TEM image contains some twin boundaries

(b) (TB) along[110] and[ 110], traversing the planar APB's.
Figure 9 shows a TEM imaggross section along the
FIG. 7. (a) High-resolution cross-section TEM image along the direction of a YBCO film on 1.2° miscut SrTi@. The den-
T direction showing numerous antiphase boundai8). An ex- ity of defects is significantly reduced compared to YBCO
tended c_iefeottED) referrec_i to in the te>_<t is marked by arrowheads. films on SrTiOy(106). Furthermore, the APB’s at the
(b) Section of the TEM image showing the formation of APB'S ¢ \hqtrate/film interface persist over a large fraction of the
.(S°me Of,them are .mark_ed bY arrovesvay from the substrateffilm film thickness without being healed by inclusion of SF's. Itis
interface; some regions in which the Cy@lanes appear to overlap - -
are marked byp. wort'h mentioning, that CuO chams gnd _Cy(planes are
partially broken across an APB in tfledirection, but mostly
matching of the following upper layers, thereby reducing thecontinuous in the. direction. We therefore expect different
free energy of the heteroepitaxial system. transport properties along theandT directions. Moreover,

Additionally, we observe APB'’s several nanometers awaythe observed defects with a different shape and structural
from the substrate/film interfacksee Fig. T)]. They are  width in YBCO films on SrTiG; substrates with different
generated during coalescence of growth fronts, which nuclevicinal angle should act as pinning centers with varying ef-
ate on adjacent YBCO terraces out of registry with one anficiency.
other. After a few unit cells, the mostly curved APB'’s are
terminated by a SF. Figuregd@ also shows an APB with a
vertical shift ofc/3 in conjunction with a2 nm wide dis-
torted region. This extended defdntarked by arrows in the
TEM micrograph, which presumably leads to a local depres-
sion of the superconducting order parameter, persists over
several unit cells alonf001]. However, most APB'’s exhibit
a structural width of less than 1 nm. The atomic planes
across the boundary can be slightly tilted, a fact which indi-
cates strain associated with the large density of defects. We
also observe some regions in which CuO planes appear to
overlap[see Fig. T)].

Because the APB’s originate from self-organization of
YBCO on the terraced SrTiQand YBCO surface, respec-  FIG. 9. High-resolution cross-section TEM image along The
tively, we expect planar defects, aligned with the direction ofdirection showing an extended antiphase boundaf®B) marked
the straight step edges4 ). Planar-view TEM confirms the by arrowheads.
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FIG. 10. Resistivitypy, in the T and L directions(see texk
versus temperature for 120 nm thick YBCO films on SrIit06) FIG. 11. Resistivity anisotrop,(10°,100 K)=p+/p, at 100
(solid line) and 1.2° (toward [010]) miscut SrTi0;(001) (dashed K versus film thickness for YBCO films on SrTi0106).
line).
For comparison, the transition temperature of various 120

IV. TRANSPORT IN THE NORMAL nm thick YBCO films on 1.2° miscut SrTig#001) does not
AND SUPERCONDUCTING STATE differ from the value observed in YBCO films grown on
almost atomically flat SrTiQ(001) substrates under identical

A. Defect-related shift of the transition temperature

Figure 10 shows the resistivity of 120 nm thick YBCO
films on SrTiG;(106) and 1.2° miscut SrTiQ(00Y) in theL o )
and T directions. The resistive transition temperatiiteof B. Resistivity anisotropy
various 120 nm thick films on SrTigd106) ranges between As can be seen from Fig. 11, the YBCO films on
87 and 88 K. It is slightly reduced compared to YBCO films SrTi0O;(106) exhibit a resistivity anisotropy between the
grown on almost atomically flat SrTigd001) substrates un- and T direction which strongly depends on the film thick-
der identical conditionsT;~90-91 K. TheT. of YBCO is  ness. The resistivitg, 1 at 100 K, as well as the correspond-
known to depend on the oxygen stoichiometry and specifiéng anisotropy ratioA,(100 K)=p+(100 K)/p (100 K) for
ordering of oxygen atoms in the basal CuO plaffeShe  each sample are also listed in Table I. With decreasing film
position of theA;; mode in the Raman spectrum of YBCO thicknesg, A,(100 K) increases from= 2.5 att=320 nm to

conditions.

films on SrTiO3(106) suggests fully oxygenated materfal. ~ 5.5 att=60 nm(see Fig. 11
Therefore, the reduction df, must be related to the growth- ~ The orthorhombicity of YBCO, i.e., the existence of con-
related defects. ducting CuO chains between the pairs of Gu@anes(along

Modeling the influence of defects ofi, quantitatively a direction denoted ds), leads to arintrinsic anisotropy of
using Abrikosov-Gor'kov pair-breaking thedfywould re-  charge transport in thab plane which has been found to
quire assumptions about the pairing symmettyo( s wave)  vary nearly linearly with temperaturep{/p,~2.2 between
of HTSC’s and the magnetic moments of the defects. Since50 and 275 K2 Therefore A (T) cannot be attributed to
these issues are still controversial, we provide a rough estthe intrinsic anisotropy of the in-plane resistivity which is
mate of the number of defects necessary to cause the oliso not present in twinned samples. The YBCO films grown
served shiftdT. of the transition temperature. Considering on the perodically stepped SrTil06) surface are
only defects at which the order parameter is reduced, we cavinned!®
model the interface between a defect and the superconduct- |n order to understand the measured anisotrpy we
ing matrix as a normal-superconducting interfa€@ith this  first examine the transport properties of a fictitious defect-

approximation the relativé; suppression is given by free film, in which the YBCO unit cells are tilted with re-
spect to the macroscopic film and substrate surfaee the

mEap(0) )2 (106) plang. We shall add the contributions of defect scat-
Nc/Tco:(T) ; (1) tering in the subsequent discussion. In fhalirection, we

expect a complicated zig-zag current path along and perpen-
dicular to the CuQ@ planes and the CuO chains. We model
the macroscopic current as flowing through a network of
resistors linked in series representing the in- and out-of-plane
contributions to the current path, which are determined by
the tilt angled. In this simple model the effective resistivity

of the fictitious film in theT direction can be deduced ac-
‘ording to the expression

whereT,~93 K is the transition temperature of the defect-
free material £,,(0)~ 1.5 nm is the Ginzburg-Landau coher-
ence length, ang is the average distance between defects
With §T,~5 K in YBCO on SrTiO;(106) we find s~10
nm, a value a little larger than the spacing=e6 nm be-
tween defects as revealed by combined STM and TEM dat
Within the frame of the chosen model, this finding suggests
that the order parameter is not necessarily depressed at each

of the observed APB's. p1(0,T)=p(T)Si+ pap(T)coS6, 2
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TABLE I. Summary of linear fit parameterp(T) = po+ «T for 100 K <T> 290 K, resistivities at 100
K and resistivity anisotropied,,=p/p_ for YBCO films on SrTiQ;(106) with different thicknesses The

subscriptsT andL indicate the[GOT] and[100] crystallographic directions as defined in the text.

Sample t PoL a pL(100 K) Pot ar p7(100 K) A,
(hm)  (necm) (n€2 cm) (182 cm) (nl2em)

A 60 11.2 1.39 145 455 3.32 793 55
B 125 —-12.3 1.23 110 199 3.30 538 4.9
C 180 —-14.6 1.08 99 137 2.59 398 4.0
D 200 —6.6 0.95 86 105 1.60 266 3.1
E 240 —22.5 0.91 71 28.7 1.58 188 2.6
F 320 —25.3 0.85 57 9.5 1.17 144 2.5

wherep,, andp, are theintrinsic in- and out-of-plane resis- as derived from the anisotropy ra#g,(100 K) ~ 2.5 for the
tivities of YBCO. Further, if we assume that the current in 320 nm thick YBCO film on SrTiQ(106) as a representative
the L direction essentially flows along the Cy@lanes and value of the effective intrinsic anisotropy rajig/p,,(100 K)

the CuO chainsp, is given by in our films. However, eveA (100 K) ~ 2.5 is likely to be
influenced by twin boundaries, translational boundaries and
pLT) = pan(T). (3 stacking faults revealed by TEM. As can be seen from Fig.
Using Eqgs(2) and(3), we obtain the resistivity anisotropy of 12, theA,(#,100 K) data calculated from Ed4), differ sig-
the fictitious film: nificantly from the experimental data. This finding confirms
the dominant contribution of the defect microstructure to the
'Ap( 0,T)=coS0+[pc(T)/ pap(T)]sir?6. (4)  resistivity anisotropy. It is reasonable to relate the depen-

- dence of the anisotropy ratio ghto an increasing density of

To calculateA (10°, 100 K, we use the intrinsic anisotropy defects with decreasing substrate terrace width and corre-
ratiosp./p,(100 K) ~ 63 andp./p,(100 K) ~ 120 measured spondingly increasing tilt angle.
by Friedmannet al?® in a twin-free crystal of YBCO. Our
model neglects contributions from twin boundaries and other
defects. However, in order to account for twinning of our
films, we assume thagt,, contains isotropic contributions The resistivity anisotropy between theandT directions,
from both, the CuQ planes and the CuO chains. We candescribed in the previous section is correlated with the an-
calculatep,;, by taking the geometric mean pf andp, . In  isotropic nature of the defect microstructure revealed by
this model of transport in a fictitious defect-free YBCO film combining the STM and TEM data. By investigating the sys-
with CuO, planes tilted 10° with respect to the surface, thetematics ofp, (T) andp(T) as a function of film thickness
anisotropy ratio i§9(10°, 100 K = 3.6. we gain insight into the interplay between growth-related

As can be seen in Fig. 11, the resistivity anisotropydefécts and charge transport in epitaxial films. In the follow-
A,(100 K) of the YBCO films on StTiQ(106) is reduced ing, we focus on YBCO films on SrTigt106). _
with increasing film thickness and appears to be constant for The measureg, (T) data can all be accurately fitted by
film thicknesses larger than 200 nm. In contrast, E4,

C. Systematics ofp(T)

which only accounts for a combination of in- and out-of- 58 [ '

plane transport, yields a thickness-independent anisotropy 5.0 ! T=100 K

'Ap. Therefore, the measured resistivity anisotrépgycannot Tl A experimental , A

be entirely attributed to some additionadaxis resistivity 4.2 WAB)=cos6+5345in 0

for transport in theT direction. Becausdi) p,,(100 K) 3.4 ]

=(papp) Y?=30 pnQcm, incorporated in Eq4) falls below €7

typical values of the best twinned crystals diid the c-axis 26 [ |

conductivity may be enhanced by interplanar disofdégg. [

(4) overestimates the anisotropy resulting fropaxis trans- 18 A

port in theT direction. However, there is no doubt that in the 1.0} A m u

thin films on SrTi0;(106) the dominant contribution to the

resistivity anisotropy originates from the defect miscrostruc- ; e

ture. 0 2 4 6 8 10
Figure 12 displays the resistivity anisotropy( 6,100 K) 0 (degree)

of 120 nm thick YBCO films grown on vicinal SrTig001) FIG. 12. Resistivity anisotropf, (6,100 K)=pr/p, at 100 K

substrates with different tilt anglé. A,(6#,100 K) increases yersus tilt angled for 120 nm thick YBCO films on vicinal
from ~1 at§~0° to ~4.9 at¢~10°. To compare the mea- SrTi0,(001) substrates. Triangles represent experimental data,
suredA,(60,100 K) data with the model of transport in a squares calculated data based on a model of combined in- and out-
fictitious film described above, we ugge/p,,(100 K)=53.4  of-plane transporfsee text
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p(T)=po+aT, (5) with increasing film thickness. The observed SF’'s presum-
_ ) o o ably affect the out-of-plane resistivity. Several models of
where po is the residual resistivity which is generally as- c.axis conductivity are based on the existence of disorder
cribed to static disordefdefects and « represents the slope hich, e.g., enables tunneling through localized stites.
dp/dT, wherep(T) is a linear function of temperature. Evi- However, our experiments do not permit us to elucidate the
dence for a deviation from thé-linear behavior is noted in  mechanism ot-axis transport.
the transverse direction, if falls below 60 nm:p(T) is A striking feature of the normal-state resistivity is the
linear for 150 K< T > 200 K, but shows a superlinear marked difference in the slope of the twdT) branches
upturn forT—300 K andT— 100 K. Table | summarizes the corresponding to thé and T directions, respectively. It is
fits to the resistivity data for each sample. With decreasingyenerally believed that static disorder affects the residual re-
film thicknesst, we find a systematic increase pf, p(100  sistivity p,, but not the slopex of p(T) (at least for metals
K) and e in both directions. Thus, the fact thap, and a simultaneously change with
At 100 K, the resistivityp, of the 320 nm thick YBCO  varying film thickness suggests that the observed defect mi-
film on SrTiO3(106 is exceptionally small:p (100 K)  crostructure affects th€-dependent carrier-boson scattering.
~57 pQcm falls below the value of~90—-200 ndcm  However, the systematics p{T) can be modeled as result-
typically observed in twinned single crystals of YBCO and ing from charge transport in an effective medium: The resis-
epitaxial films grown on well-oriented SrTi001).*" Fur-  tivity in the T direction can be fitted reasonably well by the
thermore, the linear fit to the normal-state resisitivity of thisyesistivity in theL direction according to the relatigh
film yields a negative zero-temperature intercpptas well
as a remarkably small slope~0.85 w{) cm/K. Itis instruc- =
tive to compare the thin-film data with the magnitude &nd prT)=Capapet Colpor+ o Tl, ©
dependence op, and p,, in untwinned single crystals of whereC,<1 andC,>1 are dimensionless geometric factors
YBCO.*® While p,(T) extrapolates to negative values for which depend on the volume fraction as well as the spacing
T— 0 (poa~—14 u) cm), py(T) shows a vanishingly of the APB'’s. The first term results from a fraction of the
small residual resistivity. The slope, ~0.85 u{lcm/K of  transport current which directly crosses the APB'’s, assuming
the film resisitvity is only 1.5 time$3.4 times larger than  that they contribute a finite resistivipypg. The second term
that of p,(T) [pp(T)]. Note thata~2—3 uQ cm/Kis typi- s obtained if we model the transport current in thelirec-
cally observed in thin films of YBCO on SrTiQ It is evi-  tion as additionally flowing parallel through an APB and
dent thatp (T) approaches the behavior for single-crystal APB-free material. In particulaf,po, + a T] is the resistiv-
specimens. Our findings suggest that only some twin boundty on the terrace which has been chosen to be the same in
aries contribute to the resistivity along the current path in thehe L and T directions. In the limiting case where some of
L direction. However, with decreasing film thicknésg,_is  the observed defects exhibit an infinite resistivity the second
enhanced and the zero-temperature intercept turns fronerm also accounts for the effect of locally varying cross
negative to positive values. sections and a lengthening of the current path, since the
The p1(T) data from the 60 nm thick film on SITYDL06)  transport current will flow around such extended defects.
reflect transport properties markedly different from those ofTherefore, the difference in the slope of the twgT)
single-crystalline bulk material. The magnitudepg{100 K)  branches may originate from percolation.
exceeds the values generally observed in YBCO thin films.
In particular, the residual resistivify, 1= 455 w)cm clearly

.L e L V. FLUX PINNING
indicates a strong contribution of static disorder to the scat-

tering of charge carrier_s. Withh=3.3 ,l:LQ cm/K, as derived A. Experimental results

from the p+(T) data, this sample exhibits a slope character- o

istic of epitaxial YBCO films, but significantly smaller than 1. Flux penetration into samples of square shape

that of a single crystal along thec axis After zero-field cooling a type-ll superconductor and a

(=125 uQ cm/K).?® However, the exceptionally large re- successive application of external magnetic fielis, per-
sisitivity in the T direction is reduced with increasing film pendicular to the sample surface, quantized flux enters the
thickness. superconductor in the partly penetrated Shubnikov phase.
From the evolution of the growth morphology describedBecause pinning forces act on the individual vortices, the
in the previous section, it is reasonable to relate the systenmagnetic flux cannot fill up the sample homogeneously.
atic changes ip_ 1(T) with t to a thickness-dependent de- Consequently, flux fronts are formed. The gradient and cur-
fect microstructure. We expect the nonvanishing residual revature of the magnetic flux in the sample generate a current
sistivity to originate from different types of defects. We density j(r) that takes the maximum possible value
assume that twin boundaries alofigl0] and[ 110], as well  |j(r)|=]j.. For the partly penetrated state, an additional
as possibly randomly distributed point defects contribute tescreening currenf<j in the flux-free zone compensates
the resistivity in both directions. A different situation occurs the self-field generated by the macroscopic curgn) in
if point defects accumulate at APB’s. We attribute the largethe flux-carrying regionj(r) has to satisfy the continuity
resistivity in the transverse direction to APB’s generated durequationV -j(r)=0 (no drains and sourceand has to flow
ing coalescence of growth fronts at different stages ofarallel to the sample edges. As a consequence of these con-
growth. Since we observe a defect-free overgrowth of stepsaints, the current lines exhibit sharp bends forming discon-
and a healing of APB’s via SF’s, the number of defects andinuity lines along the diagonals of the square. At these lines
consequently their influence on charge transport is reduceithe orientation of the current changes discontinously,
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F.IG' 1.3' Calculated f_qu density distribution i_n a h_om_oge_neous, FIG. 14. Magneto-optically observed flux density distribution in
c-axis-oriented YBCO.fllm of square shape. Llngs indicating the square-shaped, 360 nm thick YBCO film on SrIi006) at 32
current path are superimposed on th? grayscale Ir(mge_e_ black mT and 4.2 K. Lines indicating the current paitelculated by a
correspon_Qs _to Iowz_ar floxCurrent proflles_, dlsplay the cntlc_al CUr-inversion method, see texare superimposed on the grayscale im-
rent densitieg, andj along the dashed lines in theandy direc- age(more black corresponds to lower fluxCurrent profiles display

thﬂS: The modified Bean model results in a cons.tant crltlcal curren}CvL andj, ; along the white dot-dashed lines marked®yand v
density for the fully penetrated state under consideration. in' the greyscale image

whereas the magnitude remains the same. Thus, discontinu-

ity lines divide the superconducting film into four domains gf'“ﬁa' ;:urtrr:ent gensm((aqucyl,_ andé Cva' tpatrallel and perpﬁn—l
With uniform current flow. icular to the observed planar defect strucure, respectively.

In homogeneous samples, the penetration depths of th The anisotropy ratio of the critical current density can be

flux fronts which start penetrating at the middle of different erived from the relaticft

sample edges are the saMé® With increasing external , 1

magnetic field, the penetration depth increases until the Aj:J_C_~T: — (7)
sample is completely filled by magnetic flux and the shield- Jeo tan

ing current has reached the critical valyein the entire |\ Lore , is the angle between the discontinuity line and
superconductor. As an example, Fig. 13 shows the calculate&mme edge as visible in Fig. 14. Using Ed), we find
distribution of the magnetic flux at the surface of a 200 NMespectively, 2A (§=10°)<5 and 1 &A-’(ezl 20)'

1 ] = . j .

thick HTSC film of square shap@ mm X 2 mm). An €x- 55 for YBCO films on SrTiQ(106 and 1.2° miscut

tension _of the Bean model was used to calcula_lte the ﬂU)SrTiO3(001) with different film thicknesses.

pattern in the fully penetrated stateThe current lines su-

perimposed on the grayscale image represent the critical cur-

rent flowing parallel to the film borders. The density of these i

stream lines reflects the magnitude of the critical current den- By means of the MOFE we determine taecomponent

sity. The flux pattern shown in Fig. 13 is typical bémoge- (normal to the film §urfac)e0f the local magngtu_: |ndu<_:t|on

neoustype-Il superconductors, i.e., YBCO films grown on Bz(X,y) above the film surface. The magnetic induction re-

well-oriented SrTiQ(001). sults from a superposition of the external magnetic field
Figure 14 shows the magneto-optically observed fluxBex=oHext @nd @ magnetic self-fielghoHse(r), which is

pattern at the surface of a 360 nm thick YBCO film on generated by the current density distributipfn) in the

SITiO;(106) in an external fielB,=32 mT, at 4.2 K. The Sample according to Biot-Savart’s law

superimposed current lines were computed numerically from

the measured flux density distribution by inversion of Biot- Mo [ JU)X(r=r') .,

Savart’s law(see following section The dark spots in Fig. MoHsei(r) = 4 )y Ir=r']® dr’. ®

14 result from defects in the iron garnet indicator film used

as a field sensing element. Both, flux and current densityhe current density distribution is directly computed from

distribution differ significantly from the usual behavior of the measure®,(x,y) data using a numerical method to in-

homogeneous HTSC filmsee Fig. 13 for comparispnThe  vert Eq.(8). In this way, we determing(x,y) with a lateral

magnetic flux penetrates more easily in th@irection than resolution of less than 1@m. The computational method

in the T direction. Because the dependence of the penetratiorecently improved by Jooss al. will be described in a sepa-

depth of the flux front on the external field is related to therate publicatior?*

critical current density, the anisotropic flux penetration in As an example, two profiles of the current density along

YBCO on SrTi0;(106) also indicates an in-plane anisotropy the L and T directions in the 360 nm thick YBCO film on

of j.. The anisotropic flux pinning results in two different SrTiO3(106) are shown in Fig. 14. We observe an enhanced

2. Systematics of the critical current density
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TABLE Il. Summary of the critical current densitigg . and For #=1.2°, the maximum critical current density is sig-
je,T. as well as the anisotropy ratly=j., /j. at 30 mT and 4.2 nificantly smaller than that of YBCO films on SrTi0106),
K for YBCO films on SFTIQ3(106) with different thicknesses i_e_, we observo'Lg 2.2X 1011 A/mzy ande’T also ranges
Thg subscript§ andL indicate different crystallographic directions fom 0.8— 1.2X 10t A/m2. This finding suggests that the
defined in the text. small APB’s and stacking faults in films on SrTi(106)
rather than the extended APB’s in films on 1.2° miscut
SrTiO5(001) are responsible for effective flux pinning.

Sample t JeL jet A|
(nm) 10t A/m? 10t A/m?

A 22 5 15 3.3 B. Discussion of pinning mechanisms

B a5 8 17 4.6 In view of the fact that the exceptionally large critical
c 240 8 3.0 2.7 current densityj. | is linked to anisotropic pinning forces,

D 360 2.5 0.8 31 we restrict the discussion of possible pinning mechanisms to

planar defects. In HTSC's effective pinning forces result
from inhomogeneities on the length scale df,p
(Eap<<<\gap). We discuss in the following two sorts of pin-
ning mechanisms usually calledil, and 81 (8«) pinning!
Hnder the assumption that suprastrictive interacti@ssoci-
ated with stress fields near lattice defe¢ate not contribute
significant pinning forces in HTSC¥. For 6T, pinning,
gisorder-induced spatial variations Ty resulting from a lo-

cal suppression of the superconducting order paranyeser
defects predominantly cause a spatial modualtion of the lin-
ear and quadratic terms of the Ginzburg-Landau free-energy
functional (a|#|2+ B/2|4|*). In contrast, disorder-induced
spatial variations of the charge carrier mean free patind
possibly also the effective-mass tensor, near lattice defects
that do not necessarily cause a significant suppressiaf of
affect the nonlineafV | term leading to a different pinning
mechanism, calledsl pinning. To enable aqualitative
understanding of the magnitude ¢f in YBCO films on
SrTiO3(106), we provide a crude estimate of the pinning
forces based on the observable experimental data.

critical current  density j, =2,5<10"A/m?, whereas
je7=0.8xX10"A/m? exhibits a magnitude generally ob-
served in YBCO films.

We have studied the systematics of the flux penetration i
YBCO films on SrTi0;(106) as a function of film thickness.
Anisotropic flux pinning was observed for thicknesses rang
ing from 22 to 360 nm. Despite a large number of sample
studied we cannot offer a conclusive picture of the depen
dence ofj; on thickness. The anisotropy rath, and the
critical current densityj. of some representative YBCO
films on SrTi0;(106) with different thicknesses, determined
atBg,~30 mT and 4.2 K, are summarized in Table II. How-
ever, A; and j. exhibit maximum values for thicknesses
t between 50 and 250 nm, i.e., we obsefyg =8x10"
A/m? and A;=4.7. Note that the critical current density
je,L=8x10" A/m? exceeds by far the values generally ob-
served in YBCO films. Witht>250 nm andt<50 nm, the
critical current density in thé direction is reduced, whereas
jc,1 remains almost constant.

In view of the evolution of the growth morphology de-
scribed in the previous sections, it is reasonable to relate
these findings to a thickness-dependent defect micro- Because Cu@ planes and CuO chains are partially bro-
structure. However, variations of the perfection of theken across the APB’s and we observe a spatially restricted
SrTiO;(106) substrate surface structure, some variations irdistortion of the crystal lattice in conjunction with these de-
the miscut as well as the patterning of the samples may resuigcts, it is reasonable to assume a small local depression of
in deviations from a unique behavior. The thickness-the superconducting order paramegeassociated with a lo-
dependent variation of the anisotropy ratio is predominanthgal suppression of the transition temperatligeat APB's.
caused by changes ip . It is associated with a macro- This assumption is sustained by the argument of Deutscher
scopic pinning force in tha direction which is in turn re- and Miller,®® that the suppression af at lattice defects is
lated to the defect plane@.e., APB’9 in the L direction.  effected by the small coherence lengi{y(4.2 K)~1.5 nm
With a film thickness smaller than 50 nm, the terraces arén YBCO. Generally, the relative suppressiorigfat defects
frequently interrupted in the direction (see Fig. 4 al- is expressed in terms of a disorder parametér
though they become continuous as growth proceeds. MoredT/Tc~6=1—|¢q/ .|, whereyy denotes the reduced or-
over, the YBCO terraces become larger than those of théer parameter at the lattice defect apdthe order parameter
clean substrate, a fact which indicates that the number ofissociated with a homogeneous superconductor. To provide
APB's is somewhat reduced by a partial overgrowth of stepsa quantitative estimate of th&l /T at the observed APB's,
Therefore, the maximun,  is observed if the microstruc- we model the defect plane as a normal-superconducting in-
ture in theL direction becomes homogeneous with a |argeterface with the resultant variation of the order parameéter
density of APB's, i.e., if the defect microstructure exhibits agiven by® the linear extrapolatiody/dx~ .. /b. Using the
maximum anisotropy. expressioh b~ ¢2 /a, wherea=0.38 nm is the mean in-

We find some~50 um wide filamentary structures in the plane lattice constant of YBCO, the extrapolation lengtis
magnetic field distribution along thie direction for YBCO  found to be 5.9 nm. The disorder parameferharacterizing
films on SrTiO;(106). The decreasing anisotropy ratio of the a planar defect in a superconducting matrix can be estimated
critical current density is associated with a smoothing ando be 5~r y/2b. With the structural widtir, of the APB’s
broadening of the filamentary structures with increasing filmranging between 0.7 and 2 nm as revealed by TEM, we ob-
thickness. Further investigations of this phenomenon are itain §=0.06-0.17. Assumingd . ,=90 K, we thus find &,
progress. suppression obT.= 5.4-15.3 K at APB's.

1. Anisotropic 6T pinning at planar defects
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For vortex interaction with a spatial variation of the tran- pressed in terms of the charge-carrier mean free path
sition temperature, expressed by the param&tére pinning  which we compute from our experimental resistivity data of
energy per unit length of a vortex that is pinned over a por-YBCO films on SrTiO;(106). Because the observation of

tion I ,/t of the film thickness is given By flux penetration into superconducting films by means of the
MOFE is performed at low temperatures, we are interested in
lp 543(2, the mean free pathdue to scattering by static disorddat-
T 1 mv 9 tice defecty characterized by the residual resistivity. In the
a

static limit of the Drude model, is related to the residual

where®,, is the flux quantum and,, the penetration depth resistivity by

in the ab plane. The maximum pinning force which acts on

a single vortex line in a direction perpendicular to the defect

plane, 32\ "1
—, (12

®3 4l €
—=F (10

f, ~ Gplgab:

) N o o wheren is the hole density. As an example, we calculate
is related to the qntlcal current density in thedirection. For  for the 60 nm thick film. Using a typical value of
small magnetic fields, we estimate n~25x10F%cm 3 and the measured resistivity

. poL=10 Q) cm which is close to that observed in single

jeL<f, /dg. (11 : , : e

, crystals of YBCO, we find, =70 nm in theL direction. The

Assuming thatsT,=10 K at an antiphase boundary and amean free path in thd@ direction can be estimated using
maximum pinning length,/t=1, we obtainj{7~4x10"*  lr=l po /po7 t0 be~2 nm. The smaliness ¢f is reason-
A/m? as an upper estimate of the critical current density. If 2ble, since according to our investigations of the structural
in fact, the relevant pinning length wekg/t<1, theT, sup- properties of the YBCO films the growth-related APB’s are
pression at APB’s would be significantly larger than 20 K intypically 4-7 nm spaced apart. Consequently, the APB’s
order to account for the observed exceptionally large criticalVith @ structural width off ,< &, are very effective in sus-
current densityj . | ~8x 10'A/m2. In view of the relatively ~taining the generation of large gradients in the order param-
large extrapolation length, and the fact that the structurafter which exist in the vicinity of a vortex core.

width of most APB's is smaller than 1 nn&T.>20 K ap- We use next a result from quasiclassical theory, devel-
pears to be unreasonable. However, such a stiongup- oped from the BCS-Gor’kov theory, with the effect of planar
pression may occur at the observed extended defects. ~ defects modeled as scattering by numerons-¢o) point

We observe the same magnitude§* if we take into ~ defects which form a plane with, <. In this model, the
account the fact that a vortex located at a planar defect witRiNning energy per unit length for small magnetic fields and
reducedT, turns into a vortex with a highly anisotropic Nigh Ginzburg-Landau parameteris given by
core¥’ i.e., Abrikosov-Josephson vortices are formed. These
findings suggest thaéT. pinning at planar defects cannot "
explain the observed magnitude jof, . An additional pin- B 8 [2 1
ning r_nechani_sm is required which will be discussed in the 69_8_414,((pi)ln:0 (2n+1)2(2n+ 1+ p;)?
following section.

2
2. Anisotropic 8l pinning at planar defects ><8—;S(Ptu+ Pu)U(X), (13

Pinning can also result from spatial variatiofis in the
charge-carrier mean free pathnear lattice defects. As al- . . . _
ready shown by Zerweck¥, carrier scattering at grain bound- Where H; is the thermodynamical critical field,
aries leads to pinning because of the spatially varying coher(pi)~0.958}_o[(2n+1)%(2n+1+p;)]"* is the Gorkov
ence length. It follows from the microscopic theStyhat the — impurity function andp;~ &,,/1 the impurity parameter. Be-
pinning energy at a planar defect, which exhibits a structuratause of the small mean free pdt~2 nm perpendicular
width of r,< &, is enhanced by a factdf,,/r,>1 in com- (L) to the defect planes, it is reasonable to assume a trans-
parison with the predictions from Ginzburg-Landau theory.port scattering probabilitp,, to be in the order opy, ~1.
In fact, the existence of locations with enhanced carrier scaffo estimate the transport scattering probabifity, parallel
tering helps the order parameter to adjust itself to the rapidio the defect planes, we distinguish two cases: If a vortex is
changes required by the presence of the vortex with a normddcated between defect plangs, | is very small because
conducting core. Recently, Griessenal*® concluded from lj=70 nm resembles the value typically observed in single
measurements of the temperature dependence of the criticaystals. In contrast, if the vortex is directly located at a
current density tha®l pinning is dominant in YBCO thin defect plane, we expegt, j~1 because of the smallness of
films. the mean free path, ~2 nm. Due to the defect-related an-

In the following we provide an estimate of the critical isotropy of the transport properties, the cross seciof the
current density fodl pinning at planar defects using quasi- vortex core can be reasonably approximated by an elliptical
classical theory, following the approach of Thuneb®tf area:S= w§)€, . In Eq.(13), all factors of order of unity are
The relevant quantities for the pinning energy can be exneglected. In order to obtain the maximum pinning force we
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use an upper estimafeof the pinning potentiall (x) which VI. CONCLUSION
depends on the distangebetween the vortex and the defect

plane:U(x)~1.5 (corresponding to a vortex sitting at the introduce an array of antiphase boundaries with determined
defect plang Moreover, assuming~m¢,,,, we can derive  gensity into epitaxial YBCO films. The vicinal surface
f, from Eq.(13) and, thus, obtaif, =1x10* A/m? ne-  5(Ti0,(106) promotes self-organization of the YBCO ad-
glecting the contribution opy, | and usingl,/t=1. For this  |ayer in a particularly efficient way. The resultant micro-
estimate a mean free path-2 nm in theT direction was  structure, aligned with the regular substrate step edges, leads
inserted in Eq(13). If we consider additionally the parallel to a pronounced thickness-dependent anisotropy of the in-
scattering for a vortex sitting in the APB plane, we obtainplane resistivity and flux penetration into samples of square
critical current densities of the same magnitude even if weshape. Specifically, we find an exceptionally large critical
assume a finite pinning lengtl/t~0.5. current density up to 8 10'* A/m2. Connecting the experi-
Our above calculations are based on gross estimates toental observations with microscopic pinning theories indi-
enable a basic understanding of the exceptionally large criticates thadl pinning, related to an array of antiphase bound-
cal current densties and therefore a connection to the obser@ties and stacking faults, is responsible for this strong
able experimental data. For a more quantitative treatmeng€nhancement of.. This presented results suggest that the
the variation of the carrier mean free path in a network offilm growth on tailored substrate surfaces is a promising tool
planar defects must be modeled as a function of the distand@ scientific investigations of pinning mechanisms and tech-
and ang|e to a p|ane_ Also, the Change in coherence |engﬂ}plogically driven efforts to enhance the critical current den-
with the mean free path and the formation of an elliptic vor-Sity in HTSC’s and to tailor anisotropic transport properties.
tex core at the scattering plafienust be taken into account.
Experimental measurements indicate a different depen-
dence ofj. and .t on temperature and magnetic field.
Further studies to establish a conclusive picture of the domi- This work was supported partially by the German BMBF
nant pinning mechanism in these particular films are inContract No. 13N5840 and the European Union Contracts
progress. No. EU CHRX-CT 94-0523 and EU CHRX-CT 930137.

We have generated substrate surfaces, ideally suited to
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