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The local critical current density in thin-film hybrid structures of high-temperature superconducting
YBa,Cu;0;_s and ferromagnetic La,;3Ca;;sMnO; (LCMO) is measured with high accuracy using a quantita-
tive magneto-optical method. The superconducting films are grown onto vicinal cut substrates where step-flow
growth creates a highly ordered microstructure including an array of parallel oriented planar defects. This
generates an anisotropy of the critical current in the superconductor, arising from the different values of the
current density depending on whether it has to flow across the defects or not. The addition of an LCMO layer
leads to an increase of the current anisotropy meaning that the two nonequivalent current directions are
affected by the stray field of the adjacent ferromagnet in different ways. The magnetization of the ferromag-
netic LCMO is mainly in-plane oriented but exhibits finite out-of-plane components originated from a high
density of Néel-type domain walls. Performing temperature-dependent measurements of the critical current
density from 7=7 K to 7=90 K and comparing with results from YBCO single layers, the influence of the
ferromagnet on the critical current density is studied in detail. It is found that depending on the defect structure
of the current path the critical currents are affected in different ways by the ferromagnet. The comparison of
single layer superconducting films and heterostructures in conjunction with the realized different microstruc-
ture along the current path inside one individual sample, allows the identification of the current transport
mechanisms in YBCO thin films and how they are influenced by the magnetic stray fields from the added

LCMO layer.
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I. INTRODUCTION

The large anisotropy in high-temperature superconductors
combined with the unconventional symmetry of the order
parameter lead to a strong influence of the microstructure on
the electrical transport properties.'~> The highest critical cur-
rent densities are found in epitaxially grown thin films.*
These films can combine a high degree of crystallographic
order with an appropriate defect structure for effective flux-
line pinning. The origin of flux-line pinning is a spatial varia-
tion of the flux-line energy inside the superconductor. This
leads to preferred positions of the flux lines where the mo-
tion is hindered even under acting Lorentz forces created by
transport currents. The decisive properties for vortex pinning
are the total-energy gain which is mainly governed by the
condensation energy of the superconducting (SC) state and
the shape of the pinning potential since its gradient defines
the pinning force. To maximize a possible energy gain, a
highly ordered microstructure is required, which explains the
need of an epitaxial film. To realize high pinning forces the
available pinning energy has to exhibit large changes on
short length scales. Since for high-temperature superconduct-
ors, the London penetration depth N is much larger than the
coherence length &, the dominant contributions to the pinning
force density usually arise from vortex core pinning of flux
lines. To generate effective pinning centers, normal conduct-
ing defects need to have a size comparable to the order of &,
which for YBa,Cu;0,_s is about 2 nm at low temperatures.
Such effective pinning sites can be screw dislocations,’ step
dislocations,® or oxygen vacancies.’
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Temperature-dependent measurements of the critical cur-
rent allow identification of the pinning mechanisms impor-
tant for current transport in thin films with different
microstructure.®-'° Especially, the local critical current den-
sity in YBa,Cu30,_s5 (YBCO) thin films can be described
using power-law functions of the reduced temperature =1
—T/T,. While in general a linear current-temperature relation
is observed at temperatures above 7=40 K, the power-law
exponent at lower temperatures is strongly dependent on the
microstructure of the superconducting film.!!" YBCO films
with nearly defect-free current paths, can be described by a
current-temperature relation of jo (1-7/T,)%? in the signifi-
cant temperature regime 15<7<40 K.'> This exponent s
=3/2 is found theoretically, when considering strong indi-
vidual flux-line pinning at the length scale of the coherence
length &£!'-13 However, the microstructure of thin films of
high-temperature superconductors is strongly dependent on
the substrate used and for most substrates there is an island
growth occurring. This results in films with growth islands
the size of several 100 nm and a high density of low-angle
grain boundaries acting as inhomogeneities along the current
path. Such YBCO thin films have been thoroughly investi-
gated and the temperature dependence of the critical current
show an exponent s that is significantly larger than the the-
oretical value of 3/2.!' Films with very few microstructural
inhomogeneities can be prepared by changing the growth
mode. This can be done by using a vicinal cut substrate,
which is a substrate with a regular step and terrace surface
structure. Here a step-flow growth of YBCO will take place
which results in a very smooth film nearly without grain
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boundaries along the steps.'* Further vicinal films benefit
from having different microstructure along and across the
steps of the substrate leading to different current properties
that can be measured at the same time using magneto-optics.

The electrical transport in such highly ordered YBCO
films with an additional interface to a ferromagnet will be the
main topic of this paper. The addition of a ferromagnetic
layer on top of the superconductor is expected to give a
possibility to explore contributions of magnetic pinning but
also to enable new insights into the current limiting mecha-
nisms of the superconductor. To enable the study of such a
complex bilayer, it is important to use a well defined system
including microstructure. Therefore a YBCO film exhibiting
a large mean-free path in the direction of the current flow is
combined with a ferromagnetic layer of La,;Ca;3MnO;
(LCMO) to form a ferromagnet-superconductor hybrid struc-
ture. The ferromagnetic layer is expected to strongly influ-
ence the properties of the superconducting YBCO thin
film,'>~!7 for example, leading to reduced critical tempera-
ture T.. The purpose of this work is therefore, to explore the
consequences of an adjacent ferromagnetic layer for the criti-
cal current in a YBCO thin film with well defined defect
structure.

II. HYBRID STRUCTURES

To investigate to what extent the mutual interaction be-
tween both materials leads to a change in the electrical trans-
port properties of the superconductor, a detailed study of the
temperature dependence of the critical current in a
superconductor/ferromagnet bilayer will be presented and a
comparison made to the properties of single layer YBCO thin
films with identical microstructure. First, we realize a nearly
homogeneous current path, by growing a film onto a vicinal
cut substrate, characterized by a regular step and terrace sur-
face structure. Due to this special structure a step-flow
growth of the YBCO is occurring, producing a very homo-
geneous film without growth islands along the steps. Be-
tween the steps a stacking mismatch of the YBCO lattice
results in nearly parallel antiphase boundaries. These are
elongated along the steps and parallel to the c-axes and thus
act as effective pinning centers. This particular microstruc-
ture generates a strongly anisotropic critical current j,., reach-
ing much higher values for the longitudinal current path
flowing along the steps than the transversal that has to pass
across the antiphase boundaries. Second, a highly regular,
electronically as well as magnetically, interface to a ferro-
magnet is required. We use LCMO since it has similar crystal
structure and lattice parameters as YBCO, enabling epitaxial
growth with atomically flat interfaces.'® High-quality inter-
faces are important for the study of coupling effects between
ferromagnet and superconductor, to allow the diffusion of
Cooper pairs and spin-polarized quasiparticles across the
interface.!” Due to the growth under tensile strain the pre-
ferred magnetization direction of the LCMO layer is in the
plane of the film.?>?2 Nevertheless, components of out-of-
plane magnetization has been observed with local scanning
hall probe microscopy (SHPM) measurements of YBCO
films of comparable thickness grown on top of LCMO.?
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These originate from Néel-type walls that are formed be-
tween magnetic domains or possibly local out-of-plane do-
mains. Further a magnetic anisotropy has been observed in
ultra thin LCMO films grown on vicinal substrates.>*

The films studied were grown epitaxially onto vicinal cut
SrTiOj; substrates with a nominal vicinal angle 6=10°, using
pulsed laser deposition. The YBCO is optimally doped, 150
nm thick and a bilayer is formed by adding 50 nm LCMO on
top of it. The lateral size of the films is 5X5 mm?.

III. TEMPERATURE-DEPENDENT MEASUREMENTS

Since the critical current is anisotropic in these films, it is
necessary to use an experimental method that is able to ac-
cess local data for different current directions. This is accom-
plished by applying the magneto-optical Faraday effect, pro-
ducing images of the magnetic-flux density distribution in
the film. From these images the critical current-density dis-
tribution j. can be calculated using an inversion of the Biot-
Savart law in two dimensions, being a good approximation
for thin films. In this process an iteration method developed
by Laviano et al.? is applied to omit errors caused by in-
plane magnetic fields. As a result gray scale images of j,. can
be obtained with a spatial resolution of better than 5 um.?

In our experiments the magnetic-flux distribution of the
remanent state was measured as a function of temperature. In
detail this means the films were cooled down to 7=7 K.
Next an external field of uyH=250 mT was applied for sev-
eral seconds to assure full vortex penetration. Removing the
field finally puts the film into the remanent state. Relaxation
processes of the flux lines are kept small by waiting several
minutes?’ before taking the first image and using a constant
delay time of 10 s before each of the following images. In
this way the images are really showing the pinned magnetic-
flux distribution. Images were taken at increasing tempera-
tures from 7 K up to above 7.=81 K for the bilayer and
T.=91 K for the YBCO thin film.

Four images of critical current-density distributions are
presented in Fig. 1, where (a) and (c) are showing the YBCO
thin film and (b) and (d) the bilayer at 7=20 K and T
=50 K, respectively. The gray scale refers to current densi-
ties of O (black) up to 3 X 10" A/m? (white). The current in
square shaped high quality thin films is flowing in rectangu-
lar loops parallel to the film edges,?® forming four domains
of currents with constant magnitude and direction. This al-
lows the analysis of currents along and perpendicular to the
steps in the same measurement.

IV. ANISOTROPY

Films grown on vicinal cut substrates exhibit an aniso-
tropic critical current density with two of the domains having
significantly higher currents. The strong current anisotropy
can be clearly seen in the images. The longitudinal (L) criti-
cal current j,., flowing along the steps seen as bright areas is
much higher than the transversal (7) j.r that has to flow
across the steps seen as dark gray areas and indicated by
arrows in Fig. 1(a). Both films are grown on the same type of
vicinal substrates, the only difference is the added ferromag-
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FIG. 1. (Color online) Critical current-density distribution at T
=20 K in (a) a YBCO thin film and b) a bilayer of YBCO and
LCMO, and at T=50 K (c) and (d), respectively. Both films are
grown onto vicinal cut STO substrates. The bilayer shows a larger
anisotropy. (¢) and (f) show the temperature dependences of the
critical currents j.; and j. r for each film. (g) show the structure of
the YBCO film and (h) the structure of the bilayer.

netic layer on top of the superconductor for the bilayer and
therefore no difference in microstructure of the supercon-
ducting layer in the two films is expected. Sketches of the
structure of the YBCO thin film is shown Fig. 1(g) and the
bilayer in Fig. 1(h). Nevertheless, a comparison reveals,
apart from reduced currents, also a significantly enhanced
anisotropy in the bilayer [Fig. 1(b)]. Using the angle « [see
Fig. 1(a)] between areas with different current direction the
anisotropy can be calculated as A,=1/tan @,”® where A,
=2.4 for the YBCO thin film and A,=4.2 for the bilayer at
T=20 K. This means that the addition of the ferromagnetic
layer almost doubles the anisotropy at this temperature and
that currents in different directions must be affected in dif-
ferent ways by the ferromagnet. The anisotropy can also be
determined from local values of the critical current, calcu-
lated independently for each current direction.?® This is done
by averaging over areas with side lengths of several 100 um
indicated in Fig. 1(b). The areas were chosen around the B
=0 line?® as to take care of any field dependence of the
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FIG. 2. (Color online) Temperature dependence of the aniso-
tropy j.r/jer in the YBCO thin film (CJ) and in the bilayer (O).
The filled symbols are calculated from the angle between areas with
different current direction.

critical current that might occur due to flux-line flux-line
interactions. These carefully obtained values for the critical
current were obtained for each temperature and are plotted in
Figs. 1(e) and 1(f) for the YBCO film and the bilayer, respec-
tively. In both plots squares show the temperature depen-
dence of the longitudinal critical current flowing along the
steps and circles that of the transversal current flowing across
the steps of the substrate, see the sketch of the substrate in
the inset of Fig. 1(f). A very different temperature depen-
dence of the two current directions is found in both films and
is origin of the current anisotropy. But there is also a big
difference in the behavior between the single layer and the
bilayer.

The current anisotropy can thus also be calculated from
the values of j.; and j.r and is defined as A;=j.,/j.r Fig-
ure 2 shows the anisotropy vs temperature for the YBCO
single layer(squares) and for the bilayer(circles). The open
and filled symbols refer to results obtained from the geomet-
ric and the current ratio analysis, respectively. Note that both
methods lead to corresponding results, which gives evidence
that quantitative magneto-optical imaging can be applied to
ferromagnet-superconductor hybrids.>® The data of Fig. 2
show that the anisotropy of the bilayer is strongly enhanced,
especially at low temperatures, where it is about twice that of
the YBCO single layer and this although the superconducting
layers have the same microstructure. This suggests that the
critical current is affected by the ferromagnet in a different
way along different directions. In other words, the critical
current in YBCO/LCMO bilayers is much more sensitive to
the microstructure along the current path than is the indi-
vidual YBCO film. Figure 2 shows further that different tem-
perature dependences are found for the anisotropy in the two
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FIG. 3. The transversal current is flowing across the antiphase
boundaries. Thereby it has to cross regions with reduced supercon-
ductivity (APB) separating highly SC islands. The APBs consists of
SC and nonsuperconducting (NC) regions.

films. In the bilayer it decreases more steeply especially for
temperatures up to 7=40 K. Also notably is that in the bi-
layer, a substantial anisotropy is still found for temperatures
close to T..

V. TEMPERATURE-DEPENDENT CRITICAL CURRENTS

Understanding this behavior requires an understanding of
Jo(T) along the two different current directions, j.7(7) and
Jer(T). The limiting factors of these currents are completely
different because of different microstructures along the cur-
rent paths.”3! For the T direction the current has to pass
through an array of antiphase boundaries that is arising from
the substrate steps, while the L direction exhibits a highly
transparent, nearly grain-boundary-free current path. There-
fore the two current directions have to be treated separately
when looking at the mechanisms of the critical currents.

For the L direction j.; can be described by a power law,

juD) =J;.<o>(1 - Tl) . (1)

The exponent s changes at 7=40 K and we can distinguish
between two temperature regimes with different pinning
mechanisms. At temperatures above 40 K thermally acti-
vated depinning of flux lines is limiting the current and an
exponent of s=1 is found. At temperatures below 40 K the
exponent s=1.5 proves effective and strong vortex core pin-
ning enabling the observed high currents.!!

The current direction perpendicular to the substrate steps,
Jer> can be treated like a current which flows along an array
of superconducting islands with excellent transport proper-
ties which are separated by regions of high disorder, high
scattering rates and poor transport properties. A simple
model describing this scenario is depicted in Fig. 3. Here the
superconducting islands indicated SC are separated by the
weakly superconducting regions of size & created by the an-
tiphase boundaries (APBs). Already in 1987 Deutscher and
Miiller>33 suggested that such narrow planar defects can be
treated as Josephson junctions with depressed order param-
eter A. The Josephson coupling current is described by the
model of Ambegaokar and Baratoff. But since it is originally
describing a BCS superconductor it needs to be adjusted be-
fore it can be applied to the present HTSC system. Therefore
a modified Ambegaokar-Baratoff function will be proposed
which takes the depression of the order parameter into ac-
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FIG. 4. (Color online) Temperature dependence of the transver-
sal critical currents j. 7 in the YBCO thin film (CJ) and the bilayer
(O). The solid lines represent fits to the model of Ambegaokar and
Baratoff.

count. This leads to the following temperature dependence of
the critical current density:

T A l_Tz
J(T) = j(0) I—Ftanh —L . )

c

T

c

In this equation the depression of the order parameter is in-
cluded in j(0) and A that will be used as fitting parameters
when employing the equation to describe measured data.

For oxide superconductor/ferromagnet hybrids, it is
known that there is generally a suppression of critical cur-
rents and transition temperatures originating in coupling ef-
fects of the counteractive ordering phenomena.'>!'” The in-
teractions take place in several ways, through oxygen
diffusion,> charge transfer,®® redistribution of orbital
occupancy,®® spin diffusion,'”” and dipolar coupling via
stray fields. Since the first three effects are limited to a thin
layer at the interfaces they will not substantially influence the
properties of a thicker film of several 100 wm. This is dif-
ferent for the two last effects’® where the coupling of mag-
netic stray fields of the vortex systems and domain pattern in
the constituents can lead to a substantial magnetic-flux-line
pinning.?>%

VI. RESULTS

The temperature dependence of the critical currents will
now be presented for each current direction separately, start-
ing with j.7. The data are plotted in a double-logarithmic
scale in Fig. 4, squares denote the values for the YBCO thin
film and circles the bilayer. The errors are estimated not to be
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FIG. 5. (Color online) Temperature dependence of the longitu-
dinal critical current densities j.; in YBCO (0) and the bilayer
(O). The lines represent fits to the power law j.(T)=j.(0)(1
~TIT,).

larger than 3X10° A/m? and are included in the figure,
though for the YBCO thin film they are smaller than the used
symbols. The solid lines are fits to Eq. (2). We find a strong
suppression of the critical current in the bilayer by a factor of
about 7. The importance of Fig. 4 is twofold. First, the tem-
perature dependence does not change due to the general sup-
pression of j.. Second, all data can be fitted to the modified
Ambegaokar-Baratoff function which although a simple
model give a surprisingly accurate description.

This is different for the longitudinal current component
Jeo that is depicted in Fig. 5. Again, squares denote the
YBCO thin film and circles the bilayer. The experimental
data can now be fitted to Eq. (1) using j.(0) and s as free
parameters. For temperatures above 7=40 K up to T, both
curves show an exponent close to s=1 and no change in the
temperature dependence can be seen due to the ferromag-
netic layer. At T=40 K the temperature-dependence
changes for both samples and in case of the vicinal YBCO
thin film we find an exponent s=1.4+0.1. A larger exponent
s, meaning a stronger decay of the currents with temperature,
is found in case of the bilayer. In addition to that, the current
suppression by a factor of 3—4 is much weaker than for the
transversal current j. 7. This directly gives rise to the differ-
ent anisotropy values that are found, presented in Fig. 2.

To more clearly envision the behavior at temperatures be-
low T=40 K, the currents are plotted with higher magnifi-
cation and normalized to their values at 7=13 K in Fig. 6. A
temperature of 7=13 K is chosen because at lower tempera-
tures quantum creep of flux lines lead to a deviation from the
power law.'? The critical current of the bilayer, denoted by
circles, is decreasing more steeply with temperature than for
the YBCO single layer, denoted by squares. An exponent s
=1.8%0.1 is found for the bilayer, substantially larger than
s=1.4=*0.1 found for the YBCO thin film.
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FIG. 6. (Color online) Temperature dependence of the longitu-
dinal critical currents j.; normalized to the values at 7=13 K in
YBCO (0J) and the bilayer (O) The lines are fits to (1-7/T,)* with
s=1.4 and s=1.8, respectively.

VII. DISCUSSION

After showing the experimental results, we will now dis-
cuss the role of the ferromagnetic layer on the current trans-
port mechanisms in the superconductor. For j,. r a tempera-
ture dependence was found for both films which could be
described by the modified Ambegaokar and Baratoff func-
tion, Eq. (2). Assuming Josephson coupling across the APBs,
a modulation of the critical current by magnetic field is also
to be expected. For a single Josephson junction the magnetic
field dependence of the tunneling current is given by the
second Josephson equation,

jc,T(B) =jc,T(0) : (3)

with ®=2\,;/B and [ the size of the contact perpendicular to
the magnetic field.

Already a small magnetic field, as the stray fields from the
ferromagnet, will suppress the critical current substantially.
The structure of a APB though is not expected to be as
simple as one single planar defect. Instead it is expected that
each APB contain numerous defects of size ¢ and smaller. If
the defects are large enough with respect to ¢ they can lo-
cally cause disruptions in the current flow. It is therefore
more correct to think of the APB as built up of superconduct-
ing and nonsuperconducting regions as depicted in Fig. 3.
Bernstein et al.* suggested that planar defects split up in
structures that locally behave like Josephson weak links or
superconducting-quantum-interference-device (SQUID)-like
structures. Since along the whole length of the APB there are
all kind of defect structures expected, it is difficult to make
an exact description. Nevertheless the above discussion can
explain the simultaneously observed tunneling characteristic
and high critical currents found in the presented measure-
ments.

Now the j., will be discussed. It can be described as a
pinning dominated current that in case of the YBCO single
layer, for T<<40 K, can be described by'3
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The exponent s=3/2 can only bee found for a grain-
boundary-free current, as along the steps in vicinal films,
while additional inhomogeneities are known to increase the
exponents.'!

Analyzing the temperature-dependent currents along the
L-direction in the bilayer, we again find a power-law descrip-
tion of the data and surprisingly, an exponent s=1.8 for 7
<40 K, which is significantly larger than s=3/2. This is
remarkable because the microstructure of the YBCO con-
stituent of the bilayer should be the same as for the compared
individual layer since the ferromagnet has been grown on
top.

If an increase of the exponent s refers to an increased
inhomogeneity of the current path, we could interpret our
results in terms of a magnetically induced inhomogeneity. To
follow this idea we have to refer to superconducting systems
with granular character where a shift of the magnetization
maximum to finite fields is found when measuring the field
dependent magnetization.*! The same effect has been found
in LCMO/YBCO hybrid structures where the layers have
been electronically decoupled by thin insulating barriers.”
Owing to the high critical currents in the latter case the pres-
ence of weak links can be denied, which also holds for the
samples considered in this work. SHPM measurements of
YBCO films of comparable thickness grown on top of
LCMO show that an inhomogeneous magnetic stray field
with varying in-plane and out-of-plane components pen-
etrates the superconductor over its whole thickness of 100
nm or above.”? These experimental facts, namely the shift of
the magnetization maximum toward finite fields, the inhomo-
geneous magnetic field pattern in a YBCO film on top of an
LCMO film and finally the increase of the power-law expo-
nent s measured in this work allow only one conclusion. The
transport of supercurrents in all-oxide superconductor-
ferromagnet hybrids has to be described as inhomogeneous
transport, where the local magnetic field penetrating into the
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superconducting film creates magnetic obstacles for the cur-
rent flow. This scenario allows the indirect realization of
magnetically controlled flux-line pinning in high-temperature
superconductors, this through changes in magnetization of
the manganite which can be accessed via external magnetic
fields.

VIII. CONCLUSIONS

In summary, we have investigated critical current densi-
ties in epitaxial hybrids of superconducting YBCO and fer-
romagnetic LCMO. Using quantitative magnetooptics in
conjunction with films on vicinal cut substrates allowed the
independent analysis of currents flowing along current paths
with different microstructures. Comparing the results with
currents flowing in YBCO single layers we have found that
the influence of the adjacent ferromagnetic layer on the criti-
cal currents strongly depend on the microstructure. In case of
currents across planar defects such as antiphase boundaries
we observe a tunnelinglike behavior which is very sensitive
to the presence of magnetic stray fields. This influence is
noticed to be temperature independent. The combined find-
ings of high critical currents and tunneling character can be
modeled by introducing structures locally behaving like Jo-
sephson weak links. Along the highly homogeneous current
path, realized along the surface steps of the substrate, there is
a completely different temperature dependence. Here, it is
discovered that the adjacent ferromagnet is causing a stron-
ger decrease of the critical current with temperature, com-
pared to YBCO single layers with identical microstructure.
This current transport can be described as inhomogeneous
where one reason for the inhomogeneity is the stray field
distribution of the ferromagnet penetrating the supercon-
ductor.
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