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Magneto-optical imaging �MO� and electromagnetic studies have been applied to measure anisotropy and
critical currents �Jc� of YBa2Cu3O7 �YBCO� films with variable thickness of 0.2, 0.5, 1.0, 2.0, and 3.0 �m
deposited on flat and vicinal SrTiO3 substrates of 10 degree miscut angle ��s�. The flat films nucleated in
island-type mode and developed with a dominant c-axis orientation with minority misoriented grains at larger
thickness of overall dense structure. The vicinal films, on the other hand, nucleated in step-flow mode and
developed with a highly porous structure and minimal density of misoriented grains and impurity phases at
large thickness. The difference in the microstructures of these two types of films results in different Jc vs.
thickness behaviors. The MO images showed that the magnetic flux penetration in the flat samples is isotropic
at all thicknesses, while it is highly anisotropic in the vicinal samples. The anisotropy decreases with film
thickness and temperature. These results correlate with distinctive patterns of microstructural evolution in flat
and vicinal YBCO films with increasing thickness.
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I. INTRODUCTION

Coated conductors have been regarded as the second-
generation high-temperature superconducting �HTS� wires,
in which long lengths of highly grain-oriented HTS coatings
are epitaxially deposited on metal tapes.1,2 This approach is
the key to overcoming the problem of “weak-link” current
transport across high-angle grain boundaries �GBs� in HTS
films3 and may offer an attractive alternative to the first-
generation Bi-HTS powder-in-tube tapes. Coated conductors
are expected to carry large currents on the order of a few
hundreds to 1000 amperes per centimeter width. Typical
critical current density �Jc� of YBa2Cu3O7−� �YBCO� thin
films �regarding thickness typically below 0.3 �m in the rest
of this paper�, is around 4–5 MA/cm2 at 77 K and zero
applied magnetic field. This means that YBCO films with
thickness ranging from a few to several micrometers
must have a similar Jc in order to carry the required high
current �300 A/cm width for practical applications�.
Unfortunately, Jc often suffers a dramatic decrease with in-
creasing film thickness in several types of HTS films includ-
ing YBCO,4–7 Tl2Ba2CaCu2O8−�,8 and HgBa2CaCu2O6−�.8,9

Some reports show that Jc decreases by a factor of 2–5 when
the film thickness increases from �0.2 to �1.0 �m. At
larger thickness ��1.0 �m�, Jc continues to decrease but at a
much slower pace. Understanding the mechanism of the
Jc-thickness �Jc-t� behavior is important for the applications
of coated conductors.

It is well established that, even in thin HTS films
having optimal superconducting transition temperature �Tc�,
Jc can still be sensitively affected by film crystallinity and
microstructure, such as in-plane and out-of-plane misorien-
tations, and various growth defects. On single-crystal sub-
strates, the misorientations of thin HTS films are typically

less than one degree, while on coated conductors this value is
5–10 times larger. It is therefore not surprising that the Jc
values are generally higher in HTS films grown on single-
crystal substrates, although a comparable Jc has been re-
ported on champion coated conductor samples.7 With in-
creasing film thickness, the film microstructure evolves
under strong influence of the nucleation layer at the film/
substrate interface. Island-type spiral growth behavior has
been reported for YBCO thin films on nonvicinal �we de-
scribe such films as “flat” in the rest of this paper� single-
crystal oxide substrates having reasonably small lattice
mismatch.10,11 In this system, depending on the substrate ma-
terial and processing condition, variation of the film micro-
structure occurs at large film thicknesses typically in the
range of 0.5 to 1.0 �m. Formation of voids and misoriented
YBCO grains,4,6,12 together with significantly degraded Jc,
were reported in the upper layer of thick YBCO films. The
occurrence of the misoriented grains in thick YBCO films
can be avoided if the island-type spiral growth is replaced
with step-flow growth in vicinal YBCO films. As shown in
our recent study, no misoriented grains were observed in
vicinal YBCO films of up to 3.0 �m thickness.13 Interest-
ingly, while these thick vicinal YBCO films have a highly
porous microstructure, they can carry an overall higher Jc
than their flat counterparts. This motivated us to carry out a
systematic study of the microstructural evolution and its cor-
relation to the Jc behavior in 10° vicinal YBCO films of
variable thickness. In this paper, we present our experimental
results and discuss the mechanism responsible for the ob-
served Jc behavior.

II. EXPERIMENT

Figure 1 illustrates the orientation of the major crystalline
axes of a vicinal substrate and �s is the miscut angle defined
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as the angle between the �001� axis and the normal of the
substrate. In this experiment, vicinal SrTiO3 �STO� sub-
strates with �s=10° along the �010� axis were selected. The
substrates were cut into squares of sides of 2.5–5.0 mm,
with the �100� axis aligned with a substrate edge. It should
be realized that the superconducting critical current �Ic� is
anisotropic in the HTS vicinal films. The anisotropy is quan-
tified by the ratio of the longitudinal current Ic,L that flows
parallel to the steps and the transverse current Ic,T that flows
perpendicular to the steps. This anisotropy originates from
the layered structure of HTS. The reported electronic aniso-
tropy for YBCO is �= �mc /mab�1/2=5–7, where mc and mab

are the electron effective masses along the c-axis and in the
ab-plane, respectively. On vicinal YBCO films, the longitu-
dinal current Ic,L is ab-plane current while the transverse
current Ic,T has components along both the ab-plane and
c-axis. The anisotropy between Ic,L and Ic,T in vicinal HTS
films is therefore expected to be lower than that between Ic
values along the ab-plane and c-axis, which is consistent
with the experimental results reported by many groups on
thin HTS vicinal films.14–19 In addition, improved magnetic
flux pinning was reported on thin vicinal HTS films 15,19 due
to formation of columnar or planar defects along the normal
of the film as resulted from the antiphase grain boundaries
that nucleate along the substrate surface steps.15 Since most
previous studies are on thin vicinal films,14–17 questions re-
main about how the anisotropy of the Ic evolves with in-
creasing film thickness, and whether improved flux pinning
can be obtained in thicker vicinal YBCO films due to the
possibility of higher defect density formation. These ques-
tions motivated this paper.

Pulsed-laser deposition �PLD� was employed to fabricate
YBCO films on flat and 10° vicinal STO substrates. A
Lambda Physik KrF excimer laser with �=248 nm and pulse
duration of 25 ns was used for deposition. The laser energy
density was estimated to be 2–3 J /cm2. The substrates were
silver pasted to the heater and deposition was made at
810 °C in 400 milliTorr oxygen partial pressure. After film
deposition, the samples were annealed in situ at 520 °C for
45–60 min in 350 Torr of oxygen partial pressure. The
deposition rate was about 0.6 Å/pulse at a 5 Hz repetition
rate. To ensure a uniform deposition condition for the YBCO
films of the same thickness, the flat and vicinal YBCO films
were made in the same run by placing the substrates next to

each other. For some thicknesses, several sets of flat and
vicinal YBCO films were fabricated to confirm run-to-run
reproducibility.

The crystalline structure and phase purity of the films
were investigated by using x-ray diffraction �XRD�, and sur-
face morphology was analyzed using a LEO 1550 field-
emission scanning electron microscope �SEM�. The super-
conducting properties of the YBCO films were magnetically
characterized in a superconducting quantum interference de-
vice magnetometer �Quantum Design� with the external
magnetic field �H� applied normal to the film surface. Mag-
netization �M� versus temperature �T� curves measured on
heating in 1.0 mT field after zero-field cooling to 10 K were
used to determine the superconducting transition temperature
�Tc�. M versus H loops were taken at different temperatures
between 60 and 85 K for evaluation of the Jc. The Bean
model20 was applied for calculation of the Jc using the over-
all film dimensions.

To investigate the Jc anisotropy, magneto-optical �MO�
characterization was performed using a Bi-doped magneto-
optical garnet film with in-plane magnetization grown on
gadolinium gallium garnet substrates.21,22 The sample was
mounted on a cold finger of a continuous flow optical cry-
ostat capable of cooling to �6 K located on an X-Y stage of
a polarized optical microscope in reflective mode. A silicone
heat sink compound created a tight temperature contact be-
tween the bottom face of the sample and the cold finger. To
register the normal component of the magnetic flux distribu-
tion Hz on the sample surface the indicator film was placed
on the top sample face without any restraint. A silicon diode
and the LakeShore temperature controller adjusted the
sample temperature. The external magnetic field was applied
perpendicular to the film plane by a small solenoid surround-
ing the cold finger.21,22 A digital camera was used to record
the magneto-optical images. We used a deconvolution
procedure,23 as well as the measurements of depth of flux
penetration into films,24,25 to calculate the Jc distribution and
its anisotropy in flat and vicinal samples.

III. RESULTS

A. Structure and morphology

All YBCO films grown on flat STO substrates have a
c-axis orientation as determined from the XRD �-2� curves.
At small thickness �0.5 �m, no other peaks were visible,
suggesting only c-axis growth in this thickness range. In ad-
dition, no other impurity phases were visible from the XRD
spectra in this thickness range. With increasing film thick-
ness �0.5 �m, the YBCO �200� peak appears, indicating the
formation of a-axis-oriented grains in thicker YBCO films on
flat STO substrates. This observation is consistent with the
previous reports.6 In addition, small volume portions of mis-
oriented phases including �111� and �112� were also ob-
served. To quantify the out-of-plane texture evolution, �005�
rocking curves ��-scan� were taken on five flat samples of
0.2, 0.5, 1.0, 2.0, and 3.0 �m thickness, respectively. The
full width at half-maximum �FWHM� of the �005� �-scan of
flat YBCO films �open triangles� is shown as function of
thickness in Fig. 2. At the 0.2 �m film thickness, the FWHM

FIG. 1. Schematics of a vicinal film grown on a miscut substrate
of tilt angle of �s and definition of longitudinal critical current �Ic,L�
and transverse one �Ic,T�. The asurf, bsurf, and csurf correspond to the
a-, b-, and c-axes, respectively, without the miscut tilting of �s.

POLYANSKII et al. PHYSICAL REVIEW B 72, 174509 �2005�

174509-2



has the maximum value of 0.26°, and experienced a mono-
tonic decrease with increasing thickness to the minimum
value of 0.19° at 2.0 �m film thickness, followed by an up-
turn to 0.24° at 3.0 �m. This more-or-less constant FWHM
value in the thickness range of 0.5 to 3.0 �m suggests that
the degradation of the microstructural degradation in flat
YBCO films manifests mostly in the form of misoriented
grains, which have large-angle GBs with the c-axis-oriented
YBCO matrix and obstruct Ic.

When the miscut substrates are employed, the c-axis of
YBCO is supposedly tilted �see Fig. 1� at a small miscut
angle �s with respect to the normal of the film. To confirm
this, XRD pole figures and �-2� scans were taken on vicinal
samples of different thickness. Neither impurity nor misori-
ented YBCO phase was observed. The tilt angle of around
10°–11° was observed between the c-axis and the normal of
the film for these samples. The observation of four �104�
poles that are 90° apart confirmed epitaxy of YBCO films on
the miscut substrates.

The FWHM values of the �005� pole for the vicinal
YBCO films are also included in Fig. 2 �solid triangles�.
Qualitatively, a similar monotonic decrease of the FWHM
with increasing thickness was observed, while quantitatively,
the �005� FWHM values are slightly higher in the vicinal
YBCO films than that of the flat ones at the same thickness.
For example, the FWHM is 0.43° at 0.2 �m thickness and
decreased to 0.31° at 2.0 �m thickness. This is not unex-
pected because of the large strain induced in vicinal YBCO
films when the lattice is slightly tilted with respect to the
substrate normal. At larger thickness of 3.0 �m, the FWHM
continue to decrease to about 0.25°, which is comparable to
that of flat YBCO films of the same thickness. This means
that the out-of-plane grain alignment continues to improve
with increasing thickness up to 3.0 �m. If this trend contin-
ues beyond 3.0 �m thickness, better out-of-plane grain
alignment can be obtained in vicinal YBCO films.

The in-plane texture evolution as function of thickness
was characterized using �104� 	-scans. The FWHM of the
�104� peak is shown as function of film thickness for both
flat �open circles� and vicinal �solid circles� samples in Fig.
2. Overall, the in-plane FWHM value is higher than the out-
of-plane one by a factor of 2–10. On flat samples, the �104�
FWHM value increased from �1.2° at 0.2 �m thickness to
1.7° at 1.0 �m thickness and remained approximately a con-

stant at larger thickness. The �104� FWHM on the vicinal
samples took a similar trend, despite a slightly higher value,
in smaller thickness up to 2.0 �m thickness, which was fol-
lowed by a drop at 3.0 �m thickness. In fact, smaller out-of-
plane misorientation was observed in vicinal YBCO film at
this thickness. This difference may be attributed to the dif-
ferent patterns in nucleation that occurred in the flat and
vicinal YBCO films. As we mentioned earlier, the flat YBCO
film nucleates via a spiral island-type mode while the vicinal
film, step-flow mode. It is not a surprise that microstructure
evolves in different patterns in these two types of films.

To understand how microstructure evolved in the flat and
vicinal YBCO films, the film surface morphology was ana-
lyzed using SEM. Figure 3 shows two sets of SEM micro-
graphs taken on YBCO films of 0.2, 0.5, 1.0, 2.0, and
3.0 �m thickness on flat �left column� and 10° miscut �right
column� STO substrates, respectively. It is clearly seen that
the two YBCO film sets experienced dramatically different
characteristics of microstructural evolution. On flat STO, all
films look dense, despite an increasingly rougher surface
morphology at larger film thickness.

Two factors contributed to the surface roughness of the
flat YBCO films at large thickness. The first one is the
particulate, typical of the PLD YBCO films, the dimension of

FIG. 2. The FWHM values of XRD �104� 
-scans �circles�, and
�005� �-scales �triangles� measured on flat �open symbols� and 10°
vicinal �solid symbols� YBCO films with thickness in the range of
0.2 to 3.0 �m.

FIG. 3. SEM pictures of YBCO films deposited on flat �left
column� and 10° miscut �right column� STO substrates. The rows
show the progression �from top to bottom� with respect to film
thickness. Top row: 0.2 �m thick YBCO films on �a� flat and �b�
10° miscut STO. Second row: 0.5 �m thick YBCO films on �c� flat
and �d� 10° miscut STO. Third row: 1.0 �m thick YBCO films on
�e� flat and �f� 10° miscut STO. Fourth row: 2.0 �m thick YBCO
films on �g� flat and �h� 10° miscut STO. Fifth row: 3.0 �m thick
YBCO films on �i� flat and �j� 10° miscut STO.
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which increased from sub-micrometer to �1.0 �m when the
film thickness was increased from 0.2 to 3.0 �m. The other
is the misoriented YBCO phases shown as rectangular bars
�actually they are sides of plates� and other shaped features
on the surface of the flat YBCO films when the film thick-
ness is near or above 1.0 �m. This is consistent with the
appearance of the misoriented phases in the flat YBCO films
with thickness �0.5 �m in XRD analysis. The density and
volume fraction of these misoriented phases increase with
film thickness. In the case of miscut substrates, the YBCO
films followed step-flow growth characteristics, as evidenced
by the observed atomic steps on films with thicknesses up to
2.0 �m in the right column of Fig. 3. Particulates with a
much lower density can also be seen at 0.2 �m thickness but
they are barely observable at larger thickness, in sharp con-
trast to the flat YBCO film case.

In addition, no misoriented grains were visible on the sur-
face of the vicinal films, consistent with the XRD data dis-
cussed earlier. A distinctive difference between the flat and
vicinal YBCO films is that the latter are highly porous when
the thickness is �0.5 �m. Even at 0.2 �m thickness, pores
of a circular shape are already visible with dimension of tens
to hundreds of nanometer. With increasing thickness, both
the shape and density of the pores vary. Starting from
�0.5 �m thickness, circular and rectangular shaped �or dog-
bone shaped� pores become a distinctive feature. The sides of
most rectangular pores are either perpendicular or parallel to
the steps, suggesting that the strain built through vicinal film
may contribute dominantly to the formation of the pores.
Some of the rectangle pores connected to form a straight
angle pore. Nevertheless, steps are still visible on most parts
of the film, while the step width increased by 50%–100%
from 0.2 to 2.0 �m thickness. When the film thickness is
further increased, a melted-cheese type of surface morphol-
ogy was observed on the vicinal YBCO films �see Fig. 3�j��.
Large irregular shaped pores were visible all over the film,
while steps disappeared nearly completely.

The appearance of pores in vicinal YBCO films may di-
rectly relate to the strain induced in the tilt YBCO crystal
lattice. This strain may cause distortion, resulting in higher
in-plane and out-of-plane misorientations as suggested in the
XRD analysis �Fig. 2�. Although the exact mechanism for the
pore formation is still under investigation, we speculate that
the release of the local strain on the lattice is the major rea-
son. The strain seems reduced significantly at large thickness
above 2.0 �m so that both the in-plane and out-of-plane mi-
sorientations reduced accordingly. Interestingly, this was ac-
companied with disappearance of the Jc anisotropy, as we
will discuss later in the MO imaging �MOI� study.

B. Magnetic characterization of Tc and Jc

The zero-field-cooled �ZFC� M-T curves were measured
on both sets of YBCO films to determine their Tc. The
YBCO films on both flat and miscut substrates showed uni-
form superconducting transitions even though the film thick-
ness was varied by an order of magnitude. The Tc values for
both flat and vicinal YBCO samples are in the range of
87.8–88.5 K. These slightly lower Tc values than the ones

typically reported for YBCO films were due to an offset of
�−1.0 K in the temperature sensor of our magnetometer.
The observed uniformity in Tc suggests that the variation in
the processing condition for YBCO films was insignificant
with increasing film thickness.

The Jc values were calculated from the Bean model20 us-
ing the dimensions of the films. Figure 4 compares the thick-
ness dependence of Jc at 77 K and self-field for flat and
vicinal YBCO films. It should be mentioned that the
Jc-thickness behavior of YBCO on flat STO agrees well with
what other groups have reported.4,6,7 In the thickness range
investigated, both film sets showed a similar trend of mono-
tonic decrease of Jc with increasing film thickness. However,
the vicinal YBCO films carry higher Jc values than the flat
ones in the entire thickness range. It should be realized that
Jc is anisotropic in vicinal YBCO films,14–19 and the mag-
netically measured Jc values shown in Fig. 4 represent a
value closer to the lower transverse Jc component �Jc,T� of
the current loop in the vicinal films.26

The anisotropy of Jc has been confirmed both by MOI
studies as discussed later in this paper and by transport mea-
surements. In a parallel study of the transport Jc of YBCO
films made on 15° miscut STO substrates using the same
processing conditions reported here,13 two bridges were pat-
terned, with one along the longitudinal and the other along
the transverse direction. The transverse transport Jc,T was
confirmed to be consistent with the magnetic Jc measured on
the same sample before lithography, while the longitudinal
transport Jc was much higher. This means that that much
higher Jc values along the longitudinal direction are expected
on vicinal YBCO films. The inset of Fig. 4 depicts the rela-
tive improvement of Jc in 10° vicinal YBCO films as op-
posed to their flat counterparts at different thickness. Starting
from �16% improvement at 0.2 �m, the Jc improvement
reached the maximum of �46% at 1.0 �m thickness, fol-
lowed by monotonic decrease to �28% at 2.5 �m thickness.
At 3.0 �m thickness, the vicinal and flat YBCO films have
nearly the same Jc.

C. Magneto-optical imaging

A set of flat and 10° vicinal YBCO films with thickness of
0.2, 0.5, 1.0, 2.0, and 3.0 �m have been used for MO imag-

FIG. 4. Jc-thickness curves for YBCO films deposited on flat
�open squares� and 10° miscut �solid circles� STO substrates at
77 K and SF. The relative enhancement of the Jc in 10° vicinal
YBCO films, defined as Jc �10° � /Jc �flat�, is plotted in the inset as
function of film thickness.
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ing at temperature range 10–80 K and H fields as high as
120 mT. Anisotropy of the Jc was confirmed on 10° vicinal
films. Figures 5 and 6 present the MO images taken at T
=10 and 60 K, respectively, on a flat and a 10° vicinal
YBCO film with the thickness of 0.2 �m. The flat sample
�Fig. 5�a�� has quite uniform superconducting properties ev-
erywhere around the sample. In homogeneous superconduct-
ors of square or rectangular shapes, magnetic flux starts pen-
etrating at the middle of the sample edges25 and forms a
“roof” pattern with well-developed diagonal lines �disconti-
nuity d-line�. These lines are well visible on MO image in
Fig. 5�a� in dark color contrast when H field was increased to
80 mT. The flux carrying regions have the bright contrast.
The dark square at the center of the sample expels the exter-
nal magnetic field and only the Meissner current circulates in

this area. The behavior of magnetic flux in the flat sample is
well described by the Bean model.

In contrast to the flat samples, the 10° vicinal YBCO
sample showed in the ZFC regime a very anisotropic flux
penetration along and perpendicular to the steps of growth on
miscut substrate at H=28 mT �Fig. 5�b��. The magnetic
flux penetrates more easily along the PL direction due to the
anisotropic pinning force of parallel oriented planar an-
tiphase boundaries15,26 generated in vicinal films during epi-
taxial growth and exhibits a specific filamentary pattern.
These defects are strong pinning centers transverse to the
boundaries, and the Jc,T is smaller than the Jc in the flat film.
It is clearly seen in Fig. 5�b� that the magnetic flux penetrates
into the sample along PL direction deeper than in the flat
sample, even at lower field H=28 mT.

Figures 6�a� and 6�b� show magnetic flux behavior in the
10° vicinal sample in remnant state at 10 and 60 K, respec-
tively, when the external field was reduced from 120 mT to
zero. The filamentary pattern on MO image is more remark-
able at the lower temperature in the remnant state. The fila-

FIG. 5. MO images of flux behavior in the 0.2 �m thick flat �a�
and 10° miscut �b� YBCO samples taken at temperatures T=10 K.
2w is the sample width, 2b is the width of flux-free Meissner region
and PL and PT are the depths of flux penetration perpendicular and
parallel to the steps of growth, respectively. ZFC regime has been
used at T=10 K and �a� H=80 mT and �b� H=28 mT. The sym-
metric roof patterns of flux penetration with well-developed diago-
nal d-lines, where current change direction on 90°, are well visible
in dark contrast.

FIG. 6. MO images of flux behavior in the 0.2 �m thick 10°
vicinal YBCO samples taken at temperatures �a� 10 K and �b� 60 K.
Remnant state was obtained after cooling down in H=120 mT. Ad-
ditional to the symmetric roof patterns visible in bright contrast the
filamentary picture of flux penetration exists at T=10 K �a�.
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mentary flux pattern and a few macroscopic sphenoid defects
are also better seen than in the ZFC state in Fig. 5�b�. This
filamentary flux pattern has also been observed early and
connected with variations in the structural width of parallel
oriented planar antiphase boundaries.27,28 With increasing
temperature to 60 K and higher, the MO images showed that
the anisotropy of flux penetration is slowly decreasing and
the apex angle is changing from 150° at T=10 K to 125° at
T=60 K and further to 118° at T=77 K. At T=60 K the
filamentary pattern and sphenoid defects are hardly visible.

Figures 7�a� and 7�b� show the streamlines and map of
magnetization current extracted by deconvolution pro-
cedure.23 The calculated images confirmed a very anisotropic
current distribution in the vicinal film. The streamlines are
much more dense in the direction of the growth steps and
consequently the Jc,L is much larger than Jc,T. As seen in Fig.
7�a�, the streamlines of the magnetization current flow uni-
formly along all edges of sample and change direction on
90° directly on the d-lines where the strong contrast appears
on magneto-optical images.

The map of current distribution shows different intensity
contrasts, which reflect the values of Ic flowing parallel and
perpendicular to growth steps. The segments on the top and
bottom of the image are brighter than in the direction
perpendicular to steps of growth. The intensity of the con-
trast ratio reflects the anisotropy of the critical current. The
Jc,L is about 3.5 times higher than the Jc,T and this ratio is in
good agreement with the anisotropy of critical currents taken
by MO on a similar YBCO sample �0.24 �m thick 10° vici-
nal film� at 4.2 K.29

In contrast to the vicinal sample the streamlines and map
of magnetization current extracted by deconvolution proce-
dure in the flat sample show uniform value of the current
distribution around the sample. The uniform flux penetration
in the flat sample does not change very much with increasing
temperature to 77 K and the apex angle of 90° between di-
agonals remained the same at a wide temperature range.
Only at T=80 K have we observed that the shape of the roof
pattern has slightl nonuniformity of current distribution.

To study the temperature and field dependences of the
critical current on flat and 10° vicinal samples with different
thickness, the lengths of the flux penetration P from edges of
flat and 10° vicinal YBCO samples, as well the 2b width,
were measured �see Fig. 5�b��. We were able to extract the
anisotropy, absolute value, and temperature dependence of Jc
in ZFC and FC regimes using the procedure well described
in Refs. 24 and 25. The procedure is based on the Eq. �3� in
Ref. 25: b�Ba�=w / cosh�Ba /B0�. Here, 2b is the width of a
vortex-free region, the so-called Meissner area, 2w is the
width of sample in the direction of flux penetration �see Fig.
5�b��, Ba is the external magnetic field, and B0=�0Jcd /� is
the characteristic field of full flux penetration.24,25 By invert-
ing Eq. �3� under the assumption that there is no field depen-
dence of Jc in the low magnetic field range less than 120 mT,
the expression for calculation of Jc is given by Jc
=�Ba /d�0acosh�w /b�Ba��, where d is the thickness of the
YBCO film. To obtain the T-dependence of Jc, we have mea-
sured 2b at several T and H values. We have found that the Jc
does not depend on H in T range of 8–80 K, when H is less
than the field of full flux penetration B0. At low T, the B0 is
120 mT. The same observations were made at T around
77–80 K, where the maximum H of 10–20 mT was less
than B0. We have plotted Ba versus acosh�w /b�Ba�� and
found that the equation �Ba=Jcd�0acosh�w /b�Ba�� has a
constant slope at each T. As seen from this equation, each
slope is proportional to the critical current Jc at the given T.
The same results have been found in thin YBCO films in our
earlier paper �see insets in Figs. 15 and 16 in Ref. 25�.

Figure 8 presents the T dependence of Jc in the 0.2 �m
thick flat and 10° vicinal YBCO samples calculated accord-
ing to the above-described procedure using MO images
taken in T range of 10–80 K. As seen from the plot, the Jc,L
�closed triangles� is much higher than the Jc,T �closed
squares�, but in the flat sample �closed circles� the Jc has
values even higher than Jc,L at low temperatures �15 K.
However with increasing temperature the Jc of the flat
sample decreases faster and becomes lower than Jc,L and
even lower than Jc,T at T�50 K. The plot of the anisotropy
of Jc in the 10° vicinal YBCO sample with 0.2 �m thick-
nesses is shown as a function of T in the inset of Fig. 8. The

FIG. 7. �a� Contours of the magnetization current streamlines
and �b� current distribution map calculated by deconvolution proce-
dure for MO image of the same sample in Fig. 6�a� in remnant state.
The diagonal d-lines exist where current turns on 90°.
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solid circles are the MO experimental data in the ZFC re-
gime, and the open circles, are the calculated ratio of PL / PT
in remnant mode. Both measurements show the same results,
namely, the influence of the growth steps is slowly disap-
pearing with increasing temperature. Similar behaviors of
Jc-T and Jc anisotropy versus T were also observed on the
0.5 �m thick flat and 10° vicinal YBCO samples where only
the absolute values of the Jc for both samples were less than
in 0.2 �m thick ones.

In the samples with thickness �2.0 �m the Jc in the flat
sample is higher than Jc,L and Jc,T in the vicinal sample in the
whole T range of 10–77 K. Figures 9 and 10 show, respec-
tively, the data taken on the 2.0 and 3.0 �m thick samples
�symbols are the same as in Fig. 8�. The Jc,L and Jc,T in the
2.0 �m thick vicinal YBCO sample are still different, but
both are lower than the Jc in the flat sample �Fig. 9�. The
anisotropy �the inset of Fig. 9� has the same tendency with

absolute value less than that in thinner samples. At the
3.0 �m thickness, the Jc anisotropy diminishes completely in
the vicinal sample �Fig. 10�. The MO images in Figs. 11�a�
and 11�b� taken on the 10° vicinal film with 3.0 �m thick-
ness demonstrate no influence of steps of growth at T
=10 K and 77 K, respectively. The apex angles between di-
agonal d-lines of the roof pattern in both images are 90°.

The decreasing Jc anisotropy with increasing thickness at
a fixed T was observed in the vicinal films. The same ten-
dency, as mentioned before, was also observed at fixed thick-
ness when temperature was increased from 10 to 77 K. Fig-
ures 12�a� and 12�b� summarize the thickness dependence of
Jc and anisotropy of the flux penetration in flat and 10° vici-
nal YBCO films at fixed temperatures of 10 K �Fig. 12�a��
and 77 K �Fig. 12�b��, respectively. The Jc values in flat
samples and in both directions of the 10° vicinal YBCO
samples decrease with increasing thickness. In addition, the
Jc anisotropy in the vicinal films also decreases slowly with
thickness in the temperature range studied. In the 3.0 �m
thick vicinal films there is no remarkable anisotropy in the
temperature range from 10 to 77 K.

The flux behavior on MO images in flat films shows that
all flat samples with different thickness show quite uniform
flux penetration even at T=77 K. The apex angles between
the diagonals of the roof pattern are equal to 90° for all flat
samples. This means that the Jcs in both directions are the
same and that there is no anisotropy of flux penetration in flat
samples.

IV. DISCUSSION AND CONCLUSION

In this study, it has been clearly shown �Fig. 12� that the
Jc anisotropy decreases monotonically with increasing film
thickness on the 10° vicinal YBCO films in the temperature
range of 10–77 K. An interesting feature observed in this
experiment is the correlation between the Jc anisotropy and
Jc values in vicinal samples. Above a certain temperature
that is thickness dependent, the Jc values in vicinal films are
higher than those of their flat counterparts. For example, the

FIG. 8. T dependence of Jc in the 0.2 �m thick flat and 10°
vicinal YBCO samples. Jc,L and Jc,T are critical currents directions
perpendicular and parallel to steps of growth in vicinal YBCO
sample, respectively. Inset: T dependence of the Jc anisotropy
�Jc,L /Jc,T� in the vicinal sample calculated in ZFC �solid� and FC
�open� modes.

FIG. 9. T dependence of Jc in the 2.0 �m thick flat and 10°
vicinal YBCO samples. Inset: T dependence of the Jc anisotropy
�Jc,L /Jc,T� in this vicinal sample. The anisotropy of Jc was calcu-
lated in ZFC.

FIG. 10. T dependence of Jc in the 3.0 �m thick flat and 10°
vicinal YBCO films. The 3.0 �m thick 10° vicinal sample does not
show any remarkable anisotropy, and Jc,L=Jc,T.
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Jc values in the 0.2 �m flat sample �Fig. 8� at temperatures
�15 K are higher than Jc,L in 10° vicinal sample, but de-
crease faster with temperature than Jc,L. At T�15 K, a cross-
over occurred and Jc,L became higher. In fact, a second cross-
over with Jc,T followed at T�45 K, leading to both Jc,L and
Jc,T being higher than the Jc in the flat film above 45 K. It
should be realized that distinct growth steps are present when
Jc anisotropy is high. The presence of growth steps may
increase the pinning force on magnetic vortices by forcing
the vortices to move more preferably perpendicular to the
steps because of a much larger current Jc,L flowing parallel to
the steps. However, in films thicker than 0.2 �m, the influ-
ence of growth steps gradually decreases due to the healing
of oriented planar antiphase boundaries formed during epi-
taxial film growth. The Jc anisotropy shown in the inset of
Figs. 12�a� and 12�b� slowly decreases with film thickness,
and the Jc,L and Jc,T become comparable in the thickest
samples.

However, as shown in the inset of Fig. 12�b�, the decrease
of Jc anisotropy in vicinal films at T=77 K is not as uniform
as it is at T=10 K. In the former case, the decrease of the Jc
anisotropy is linear at a rate of about −0.22/�m-thickness
for sample thickness up to 2.0 �m. With increasing thick-
ness, this decrease slowed down, and at 3.0 �m thickness no
Jc anisotropy was observable. The Jc values in flat samples at
T=77 K are less the Jc,T in the vicinal samples in the thick-
ness range between 0.2 and 2.0 �m. Above this thickness, Jc
in flat samples is comparable to Jc,L and Jc,T in the vicinal
film.

The decrease of the Jc anisotropy with thickness corre-
lates with the evolution of the film microstructure in vicinal
YBCO films as confirmed in SEM �Fig. 3�, where the growth
steps diminish gradually with thickness while more pores
appear. In the thin film regime, the growth steps are clearly
seen and the Jc anisotropy is a maximum at all temperatures.
The appearance of pores starting at �0.5 �m thickness may
be a major factor complicating the microstructural evolution.
The thicker vicinal films are highly porous, while the growth
steps are hardly visible and are of much larger width. One
may speculate that the current in this spongelike matter no
longer takes a well-defined path along the specified direction
microscopically, resulting in reduced Jc anisotropy. At the
maximum thickness of 3.0 �m, the vicinal film looks like a
melted cheese. The healing of the steps is accompanied by
the diminishing of the Jc anisotropy.

Another distinct feature of the vicinal YBCO films is the
disappearance of the misoriented grains, which are typically
seen on thick flat YBCO films. The increasing volume por-
tion of misoriented grains is believed to be the major current

FIG. 11. MO images of flux behavior in the 3.0 �m thick 10°
vicinal YBCO samples taken at �a� T=10 K and �b� T=77 K. Rem-
nant state was obtained after cooling down in H=120 mT.

FIG. 12. Thickness dependence of Jcs in flat and 10° vicinal
YBCO samples taken at T=10 K �a� and T=77 K �b�. Inset: Thick-
ness dependence of the Jc anisotropy �Jc,L /Jc,T� in vicinal YBCO
samples.
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obstacle in flat YBCO films of thickness above �1.0 �m.
Indeed, significantly improved Jcs have been demonstrated
by refurbishing the growth surface via thin CeO2 layers after
every micrometer of YBCO thickness.30 Our results indicate
that vicinal growth may provide an alternative solution for
the misoriented-grain problem in thick YBCO films. This,
however, cannot account for the enhanced Jcs in thinner vici-
nal films.

At 77 K, we have a possibility to compare the Jcs mea-
sured by both magnetization and MO methods in the flat and
vicinal samples. Since the vicinal samples still have remark-
able anisotropy at this temperature, the magnetically mea-
sured Jcs is limited by the lower Jc,T across the growth steps.
However, the magnetization Jc,T shows higher values overall
in 10° vicinal YBCO films at 77 K and self-field as com-
pared to their flat counterparts of the same thickness �see Fig.
4�. These results correlate well with the Jc,T taken on vicinal
YBCO thin films using MO technique. As seen in Fig. 12�b�,
the MO-defined Jc,T is higher than the Jc in flat films, and
agrees qualitatively with the magnetic data in the thickness
range less than 2.0 �m. Nevertheless, there is an approxi-
mately 2.5 time difference between the MO Jc,T and mag-
netic Jc,T at a thickness of 0.2 �m. This discrepancy may be
attributed to the difference in defining Jc values in these two
techniques. The magnetic Jc represents an average Jc over
the entire sample since the calculation was based on the
whole film dimension.20 However any additional gross de-
fects can reduce the measured magnetic moment and conse-
quently reduce the magnetic Jc from the intrinsic value.
These irregular defects, as also visible in MO image in Figs.
5�b� and 6�a�, can reduce the magnetic Jc,T to values lower
than that due to planar antiphase boundaries.

In contrast, the magnetic �Fig. 4� and MO �Fig. 12�b�� Jc
values in the flat samples are very close at thickness less than
2.0 �m. On the other hand, all flat samples at 77 K exhibit
more uniform flux behavior with less remarkable macro-
scopic defects inside the samples. Some defects are located
only along the sample edges, as seen in Fig. 5�a�. These

defects can also possibly reduce the magnetic Jc, while they
practically have no influence on the macroscopic flux front
penetration used for definition of the MO Jc values.

In summary, we have fabricated flat and 10° vicinal
YBCO films with variable thickness of 0.2, 0.5, 1.0, 2.0, and
3.0 �m. The different YBCO nucleation mechanisms on flat
and vicinal substrates resulted in different patterns of micro-
structural evolution with increasing thickness, and therefore
different Jc versus thickness behaviors. The flat films nucle-
ate via island-type mode and develop into c-axis-oriented
dominant, plus a certain portion of misoriented grains at
larger thickness with overall dense structure. The vicinal
films, on the other hand, nucleate via step-flow mode and
develop into a highly porous structure, with a minimal
amount of misoriented grains and impurity phases at large
thickness. The vicinal films showed overall higher Jc values
at 77 K than their flat counterparts, confirming the correla-
tion between the microstructure and the Jc-thickness behav-
ior. The MO images showed that the magnetic flux penetra-
tion in the flat samples is isotropic at different thickness,
while it is highly anisotropic in the vicinal samples. The
anisotropy decreases with film thickness and temperature.
We propose that the interplay between the anisotropic current
flow and the porous structure in vicinal YBCO films defined
a more favorable current flow path. In coated conductor ap-
plications, if the steps are parallel to the tape length, a higher
Jc can be obtained by growing YBCO films at a small vicinal
angle.
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