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Combined experimental and theoretical study of field and current conditioning
in magnetically shielded superconducting films
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Via magneto-optical imaging of flux density distributions it is shown that the flux-free Meissner state in thin
film superconductors can be stabilized towards higher external fields and higher transport currents by using soft
magnetic environments. A theoretical understanding of this effect is developed by applying a theoretical model
of the Meissner state of thin superconducting strips in magnetic environments. The calculated magnetic field
profiles agree well with those derived experimentally for a variety of shielding configurations. It is shown that
the current density distributions in the superconducting films are modified by the presence of the soft magnets.
Locally, large overcritical values of the current density can be obtained. Moreover, it is demonstrated that
magnetic shielding also works for the stabilization of the Meissner phase of grain boundaries in high-
temperature superconductors. Since magnetic flux strongly decreases the critical current density across grain
boundaries, this effect has particular importance for the improvement and understanding of the current trans-

port in granular superconductors.
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I. INTRODUCTION

In type-II superconductors, the mechanisms of loss-free
current transport in the Meissner phase completely differ
from the Shubnikov phase. In the Meissner phase, the current
density is flowing at the surface of the sample in order to
shield the interior of the superconductor from magnetic field
penetration. The maximum value of the current density in
this case is given by the depairing current density j, which is
usually at least one order of magnitude larger than the high-
est critical current density j, in the Shubnikov phase.! In the
latter, magnetic flux penetrates in the form of flux quanta into
the volume of the superconductor. Since a current is able to
induce flux motion via the Lorentz force and therefore elec-
tric losses, a loss-free current density requires the pinning of
the flux at lattice defects in the crystal lattice of the material.
Consequently, the critical current density j,. is determined by
the pinning strength of the lattice defects and simultaneously
limited by thermally activated depinning.

Since Meissner currents are restricted to the surface area
of a superconductor, a volume current transport can be real-
ized in the Shubnikov phase only. However, this is different
in thin film superconductors with thickness d<N\, where A\
denotes the London magnetic penetration depth of a mag-
netic field in the Meissner phase. In this case, the Meissner
current can flow in a large part of the cross section of the
specimen. In contrast to bulk samples, where the Meissner
phase is stable in external magnetic fields up to the lower
critical field of the material H,., large magnetic stray fields in
thin films give rise to magnetic flux entry even for external
fields H,,<H,;. The effective field of first flux penetration
H" tends to 0 for d—0.”> The same problem arises for a
transport current in the Meissner phase which exhibits large
stray field peaks at the edges of the thin film sample. There-
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fore, it may be strongly desirable to find a way to prevent
magnetic flux penetration into the film and to stabilize the
Meissner phase towards higher external fields or stray fields
of transport currents.

In recent years, theoretical ideas to modify the flux and
current distribution in superconductors via the change of the
magnetic environment of the sample have been developed.’*
Formulating the approach mathematically in a more general-
ized setting and using potential theory together with bound-
ary integral equation methods, it has been demonstrated how
mathematics can provide tools for efficiently and accurately
approximating magnetic field and current distributions in
both cases of external fields and transport currents.>°

In an experimental study, it was shown that it is possible
to shield the perpendicular component of the magnetic flux
density by a soft magnetic material at the edges of the film.”
The field range for the stabilization of the Meissner phase
could be extended in YBa,Cu;0, (YBCO) films at T=5 K to
external fields up to 164 mT. This has to be contrasted to the
H,., .~45-90 mT parallel to the ¢ axis of the bulk YBCO
material® and to effective penetration fields H* <10 mT in
thin films (depending on the film’s thickness). By the appli-
cation of inversion schemes of Biot-Savart’s law, the modi-
fied flux distributions have been interpreted in Ref. 7 to be
related to overcritical current densities. For Fe-sheathed bulk
MgB, wires it was found from magnetic flux profiles that
transport currents can be redistributed by the presence of
magnetic environments.” This effect was interpreted by the
authors as an evidence for the presence of overcritical cur-
rent densities.!”

A somewhat different approach for the stabilization of a
superconducting state by ferromagnetic environments was
applied for low-T, superconductors.'! In that work, the lo-
cal stray field of magnetic dots and magnetic domain walls
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was utilized to locally reduce the magnetic field and thus to
enhance the superconducting state at certain external mag-
netic fields. In contrast, the geometries of Ref. 7 and those in
the present work are selected to totally prevent magnetic flux
penetration from the edge of the superconducting sample.

In this paper, we directly compare magnetization and
transport experiments in symmetrically and asymmetrically
shielded YBCO thin films. We use bicrystalline films, where
the grain boundary is utilized as an extremely sensitive de-
tector for the presence of magnetic flux entry at the film’s
edges. The application of bicrystalline films allows the si-
multaneous investigation of two important issues: (i) The
redistribution of flux and currents for a geometry of the strip
with an approximately one-dimensional current distribution.
This can be realized by analyzing the flux and current distri-
bution at a well-suited position in the sample sufficiently
away from the grain boundary. (ii) The effect of the magnetic
environment on the flux and current distribution at the grain
boundary. Here it is investigated whether magnetic shielding
of flux can also be achieved for GBs, and, whether the sta-
bilization of the Meissner phase in the grain boundary is
related to a higher intergranular current transport.

In order to develop a detailed understanding of the ob-
served effects, a mathematical model of a thin film supercon-
ducting strip with a one-dimensional current distribution is
applied. This model is valid for magnetically screened super-
conducting layers in the Meissner state, where the magnetic
environment is of arbitrary shape. Thus it renders a direct
comparison with the observed flux density distributions pos-
sible as long as the films are in the Meissner state. Moreover,
it allows the determination of intragranular Meissner currents
and the analysis to be to some extent carried over to the
related intergranular Meissner current distributions in the
grain boundary of the superconductor film.

II. THEORY

In this section we consider a mathematical model for the
Meissner state of a superconducting strip in a magnetically
shielded environment in presence of either a homogeneous
external magnetic field or a transport current. For this we
assume that the strip and the soft magnets are infinitely long
in the y direction with a constant cross section. All physical
quantities do not depend on y and the y component of the
magnetic self-field is zero. Additionally we either apply a
homogeneous external magnetic field in positive z direction,
ie.,

Hex: (O’O’Hex)T’ (1)

or we apply a nonzero transport current in the positive y
direction. The superscript 7 indicates a transposed vector.
This section is organized as follows. First we will for-
mally state the boundary value problems for the Laplace
equation which form the heart of our model. After briefly
discussing the issue of unique solvability for the boundary
value problems we will describe in detail how they relate to
the physical situation formulated in the previous paragraph.
We will then give meaning to the geometric assumptions of
the model as they are relevant for a comparison with experi-
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FIG. 1. Sketch of the cross section of a superconducting strip I"
in a magnetically shielded environment.

ments. Finally we will discuss various features of the pre-
sented model that will be used extensively in Sec. V where
we present numerical simulations that have been computed
with this model.
For the desription of our model let us now state the fol-
lowing boundary value problems for the Laplace equation.
Let ,,Q, be two bounded, simply connected domains in

R? with Q;NQ,= representing the cross sections of the
shielding soft magnets. We assume that the boundaries %, of
Q, and 3, of Q, are of class C?, define Q,:=R>\(Q, UQ,),
and let v’ be the unit normal to 3, directed into €),. Let
I'C Q, be an arc of class C* representing the cross section of
the superconducting strip, i.e., there exists 7:[—1,1]—>R2
three times differentiable, injective and regular such that T’
=9([~1,1]). Furthermore, u,>0, u; >0, and u,>0 denote
the magnetic permeabilities in the respective domains (see
Fig. 1).

Now, in either case of a homogeneous external magnetic
field or a transport current, we look for a real-valued function
u that is continuous on R? and twice continuously differen-
tiable on R2\(X, U3, UT) solving

Au=0, inQ,\T, (2)
Au=0, inQ, i=12, (3)
u=0, onl, (4)
1 d 1 du_
—_ %o s, i=1.2, (5)
Mo OV V!

such that i(x,z) is continuous and bounded on R2, and har-

monic in Q\I, O, and Q,, where
i(x,2) = u(x,2) — wH,x, (x,2) € R (6)

for the case of an external field, or

el 1
In ;
2740 |(x,2) = x|

i(x,z) = u(x,z) - ds(x"), (7)

for (x,z) € R? in the case of a transport current, respectively.
Here |I'| denotes the length of I" and 7 denotes the strength of
the transport current.

We now turn to the issue of unique solvability for the two
problems stated above noting that the problem for the trans-
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port current case is exactly the one discussed in Ref. 6. For
the case of a homogeneous external magnetic field it differs
only by a different source term for u as given in Eq. (6).
Hence, inspecting the analysis of Ref. 6 via integral equa-
tions, it can be seen that in each case there exists a unique
solution u to each of the problems discussed above.

In the following we will justify that the uniquely deter-
mined solutions of the problems from above model the
physical situation described at the beginning of the section.
Defining

A =[0,u(x,2),0]", (x,2) € R?, (8)

similar to the ansatz proposed in Ref. 4 and
u r?u)T

—,0,— 9
Jdz  ox ©

B:=curl A= (—
we immediately see that the field B is independent of y and
its y component vanishes. From the central equation of mag-
netostatics we find additionally that for the current density j
we have

— M&i =curl B= (O,— AM,O)T. (10)

Now Egs. (2) and (3) tell that the exterior domain Q\I" as
well as the inside of the soft magnets ), and (), are current
free. Moreover, we have that div B=div curl A vanishes en-
tirely. Hence B is indeed a magnetic field and we can inter-
pret A as a magnetic potential. Furthermore we know that at
the interfaces 3, and 3, the magnetic field B has to satisfy

B, 7=B_. 7 (11)
1 o y
—B, X p'=—B_X 7' (12)
Me Mi

for i=1,2, where 7':=(v},0,v5)" e R®. Computing

. ou, ;  Juy T o, T
B, X7 ={0,—v|{+—v50| ={0,—,0 (13)
ox oz '

using Eq. (9), we observe that Eq. (12) is satisfied using Eq.
(5). Noting that #:= (v5,-v})" is the tangential vector to 3;
we compute

B, ¥i= =% (14)

Consequently continuity of u implies Eq. (11). Similarly, we
find that for ' being the unit normal to I' and setting 7'
:=(1,0, )7 € R? we can compute

B .;F:%

+ atrs (15)

where 7= (Vg,—vDT. Now Eq. (4) together with continuity
of u implies that the normal component of the magnetic field
vanishes at the surface of the superconducting strip, charac-
terizing it thereby as being in the Meissner state. Finally, for
the case of a homogeneous external magnetic field, by rear-
ranging the representation (6) and using Eq. (9), we observe
that the magnetic field B can be decomposed into
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1
B = u H,, +curl(0,7,0)" = u H,, + O(H) (16)
X
since # is bounded at infinity. Similarly, for the case of a
transport current, we find from Eq. (7) that

B= 0( i) (17)
]
again by the boundedness of & at infinity.

We will now discuss the relevance of the geometric as-
sumptions that we have formulated in stating the boundary
value problems. The domains (), and (), represent the cross
sections of the shielding magnetic environment. The postu-
lated boundedness means that we only consider finite geom-
etries; the domains being simply connected is mainly to en-
sure that they have no holes. Openness and the regularity of
the boundary contours X, and 2, are purely technical as-
sumptions that are required to make mathematical theory
work. The boundary regularity ensures continuity of the nor-
mal to the boundary thereby ruling out the domains having
corners. This is not a vital restriction for the comparison of
the model with experiments in cases where the experimental
geometry has corners since we can approximate corners suf-
ficiently well by smooth boundary curves.

Similarly to the domains the arc I' represents the cross
section of the superconducting strip. The modeling of a thin
volume sample by a one-dimensional strip is a well known
approach (see Ref. 13). It being injective and smoothly pa-
rametrized from a closed interval is again a rather technical
assumption that is required from the point of view of math-
ematical theory. However, this assumption also ensures that
the cross section does not intersect with itself, does not form
a closed curve, has finite length, and a continuous normal,
i.e., the strip has no corners or cusps. The arc being param-
etrized from a closed interval and contained in the exterior
domain (), also ensures that there is no direct contact be-
tween the superconducting strip and the magnetic environ-
ment. We note that the model is certainly valid in the case
where the cross section of the superconducting strip is a line
segment, but that the geometric assumptions on the arc allow
a much wider choice of geometries.

For the rest of this section we want to focus on several
features of the model presented in Ref. 6 and its applications
as described above. Above all we note that it is constructive,
i.e., not only deduces the existence of a uniquely determined
solution but also provides a representation of the solution as
a combination of a single layer potential over I' and double
layer potentials over the contours X, and X,.

This representation has three major advantages. First, it
allows relatively simple approximations of the solution and
its derivatives in all of R2. Thereby it provides efficient
means for computing the magnetic field or any of its com-
ponents. This allows the comparison of the method with ex-
perimental data that are derived, for example, from magneto-
optical measurements. Secondly, the representation of the
solution allows further physical interpretation. From the rep-
resentation in Ref. 6 we see that the self-field of the super-
conducting strip is generated by a single layer potential of
the form
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1 1 1
(Sre)(x) = ;L In leD(X') - EJF ¢d5i|ds(x'),
(18)

for x € R?, where |I'| again denotes the length of I". From the
jump relations of the single layer potential (see Ref. 5) we
find that

1
%[(SNP)_— (Sre)i]=¢— ﬁJr pds (19)

since the double layer potentials over 2, and 2, are analytic
across I'. In terms of the magnetic field this reads

N 1
Bidf'lF—Bidf';T:@__f ngS, (20)
IS

where 71 is defined as above. From Ref. 4 we know that the
jump in the tangential component of the magnetic field on
the surface of a superconducting strip corresponds to the cur-
rent density of the superconducting strip. This means that the
proposed mathematical model can also be used as a tool for
directly computing the rearranged current distribution in the
superconducting strip (or at least approximations to it).
Third, the mathematical model can be used for prediction of
field and current distributions. As the model in Ref. 6 is
applicable to a wide range of geometries for the shielding
soft magnets (and also for the superconducting strip, a fea-
ture we do not want to focus on here) it may be used to fit
current and/or field distributions to certain optimizing crite-
ria. In forthcoming papers we will propose a mathematically
well founded optimization procedure, where the geometry of
the shielding soft magnets is optimized with respect to the
capacity of the superconducting strip for carrying transport
currents or admitting high external magnetic fields, respec-
tively.

III. EXPERIMENT

Superconducting ¢ axis oriented YBa,Cu;O; (YBCO)
thin films are grown on bicrystalline, 1 mm thick SrTiO;
substrates with pulsed laser deposition. The deposition pa-
rameters are reported elsewhere.'* For the magneto-optical
imaging experiments with and without a soft magnetic envi-
ronment, two different kinds of sample geometries are pat-
terned by optical lithography and wet chemical etching: For
the magnetization experiments, we use a square shaped film
(sample A) with a lateral size of 3 X 3 mm?, where a 4° [001]
tilt boundary is located in the middle of the sample and ori-
ented parallel to two of the sample’s edges. For the transport
experiments, we use two 420 um and 500 um wide tracks
(samples B and C). Sample B has a 3° [001] tilt boundary,
whereas sample C is single crystalline. All three films A-C
have a thickness d of 300 nm.

The soft magnetic environment is realized with dense
FeSi(3%) sinter material of a size of 2 X 1.5X 12 mm°>. At a
temperature of 7=10 K, the initial permeability of the bulk
magnets is =~80. The saturation field is larger than 1.5 T and
could not be determined in our experiments. However, in the
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FIG. 2. Sketch of the experimental arrangement for the mag-
netic screening experiments at superconducting YBa,Cu;04
(YBCO) films and grain boundaries (GB). Two kinds of experi-
ments are performed with either FeSi bulk magnets positioned at
one edge [asymmetric-screening (AS) configuration] or at two op-
posite edges of the sample [symmetric-screening (SS) configura-
tion]. Shown is the sample’s geometry for magnetization experi-
ments; for the transport experiments the YBCO square is replaced
by a YBCO track.

range of the values of the stray field of the superconducting
films (B,=0-200 mT) and the externally applied magnetic
fields (uoH,, <50 mT), the FeSi magnets exhibit an approxi-
mately linear response. For the magnetic screening experi-
ments, the bulk soft magnets are put next to one of the edges
of the superconducting film as shown in Fig. 2. A small
distance a=1 um between the surface of the soft magnet
and the edge of the superconducting film is realized by a
mounting which presses the STO substrate to the soft magnet
sample.

The subsequent characterization of the flux density distri-
butions is performed with a magneto-optical imaging tech-
nique, based on the Faraday effect in sensor layers which are
put on top of the superconducting films. The field sensing
iron garnet is observed via an advanced polarization micro-
scope. Light intensity distributions representing the normal
component of the flux density distribution B.(x,y) are re-
corded with a commercial charge-coupled device (CCD)
camera using exposure times of 100 us. The recorded gray
scales are mapped to the local B.(x,y) values using a non-
linear calibration function which is determined separately for
each sample. Current distributions can then be calculated us-
ing an inversion scheme for Biot-Savart’s law.! In this paper
the inversion scheme was only applied for superconducting
films without soft magnetic environments in order to deter-
mine the critical current densities of the samples. In the ex-
periments with soft magnetic screening, the values of the
Meissner screening currents are estimated by comparison
with the theoretical simulations. For the measured flux den-
sities, a spatial resolution of approximately 1 um is
achieved.

Magneto-optical imaging of the flux distributions of the
superconducting films is also performed while a transport
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FIG. 3. (Color online) Flux density distributions of sample A with a 4° [001] tilt boundary. After zero-field cooling to T7=9 K, an external
magnetic field of uoH,,=13.2 mT (a) and 26.4 mT (b) and (c) is applied normal to the film plane. (a) and (b) show the corresponding normal
components of the flux density distribution B_(x,y) with a flux density profile at the position of the grain boundary (GB). Note that the
asymmetry of the B_(x) profile along the GB is due to a slight tilt of the position of the line profile with respect to the GB plane. (c) shows
the B_(x,y) distribution of (b) with superimposed current stream lines and current density profiles.

current was fed into the sample. In order to avoid heating
effects at the contact pads for the current injection, the trans-
port experiments are done in a pulsed current mode with
pulse lengths between 100 us and 1 s. The imaging of the
field via the CCD camera is then triggered by the pulse.

IV. RESULTS

Figure 3 shows the magnetic flux penetration into the
nonshielded square shaped YBCO film (sample A) with a 4°
[001] tilt boundary after zero-field cooling to 7=9 K and
applying an external magnetic field normal to the film plane.
Due to the large stray field of the thin film at the sample’s
edges, magnetic flux starts to penetrate into the film at an
external magnetic field of uyH,,=uoH =5 mT, which is far
below the first critical field woH.,. uoH denotes the first

penetration field of magnetic flux in the absence of magnetic
shieldings. With increasing H,, the penetration depth of the
flux front increases and the size of the flux free Meissner
area shrinks. This behavior is well known and can be de-
scribed quantitatively in the framework of a thin film Bean
model. A detailed discussion of the relevant flux and current
distributions in thin films can be found in a review article.'®
The flux penetration is even more pronounced along the
grain boundary (GB). This is not only due to the reduced
current carrying capability of the GB but has also a geo-
metrical reason: Due to the conservation of charge and the
reduced current density j,, across the GB, the current flow
lines next to the GB are bent and thus produce an enhanced
magnetic stray field at the location of the GB plane. Conse-
quently, after the first flux has entered the GB, the related
current distribution gives rise to a self-enhancement of the
local flux and therefore to a self-enhanced flux penetration
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FIG. 4. Magnetization experiment with soft magnetic screening
at the sample’s left edge. The pictures show the B,(x,y) distribution
of the same film as in Fig. 3 in external fields of 6.6 mT (a),
13.2 mT, (b), and 16.4 mT (c).

into the GB.!7 Therefore, in our experiments the GB serves
as an extremely sensitive probe for the set-in of the flux
penetration into the sample.

In order to demonstrate the effect of magnetic shielding
by the presence of a bulk soft magnet, first the asymmetric-
screening (AS) configuration was realized experimentally. A
soft magnet was put next to only one edge of the sample. The
magnetic flux distribution after cooling down in zero-
external magnetic field (ZFC) to T=9 K and applying H,,
normal to the film plane is depicted in Fig. 4. In the AS
configuration one can directly compare the normal flux pen-
etration at the nonshielded edge with the modified behavior
on the magnetically shielded edge of the film. As was already
demonstrated,” the Meissner state is stabilized on the side
with the magnet. Remarkably, this extension of the Meissner
state in a higher field region is also valid for the GB.

A second series of experiments with the AS configuration
was performed by applying a transport current to the super-
conducting film. Figure 5 shows the magnetic self-field dis-
tribution of a single crystalline YBCO strip after ZFC to T
=9 K and applying a current of 20 A. The observed positive
and negative flux density peaks are typical for transport cur-
rents in thin films'® and reflect the large self-field concentra-
tion at the edges of the sample. The large values of the field
at the sample’s edges are the main reason that a current car-
rying Meissner state becomes unstable towards a current car-
rying state which is determined by flux pinning. The transi-
tion of a pure Meissner state into a state with gradually
penetrating flux happens at a relatively small total current I*
far below the critical current /.. of the sample.

Figure 6 shows a series of magneto-optical images of the
flux density distribution of a bicrystalline YBCO strip with a
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FIG. 5. Transport experiment using a single crystalline YBaCuO
strip. The picture shows the B,(x,y) distribution of the strip in zero
external field and with a transport current of /=20 A.

3° [001] tilt boundary for different transport currents. In this
AS configuration, the penetration of the magnetic self-field
into the right-hand side of the strip is completely suppressed
up to the highest transport current realized in our experi-
ments. In contrast, the flux penetration on the left-hand side
of the strip (without soft magnetic environment) is not al-
tered. A particular difficulty of that kind of experiment is the
presence of high Lorentz and magnetostatic forces in the
combined system of the superconductor, the magnet and the
field sensing indicator film. Therefore, all components have
to be mounted mechanically with high stability on top of the
cooling plate of the cryostate. While cooling down this gives
rise to compressive strain in the indicator film and therefore
to an additional, irregular stripelike distortion of the contrast
which is an artefact of the measurement. Nevertheless, the
magnetic flux density distribution can be calibrated in this
state and gives correct values. Figure 7 shows calibrated flux
density profiles across the square and the strip for the mag-
netization and the transport experiment in the AS configura-
tion, respectively. The profiles are taken at a well-suited po-
sition away from the GB, where the current distribution in
the sample is approximated sufficiently well by a one-
dimensional distribution j(x).

Figure 8 shows flux density profiles for the same experi-
ments as in Fig. 7. However, the profiles are taken at the
position of the GB. In the magnetization experiment, the flux
penetration at the GB starts at a penetration field of ,LLOH;Z
=9.9+1 mT at the magnetically shielded side, in comparison
to MOHszzil mT at the nonshielded side. Furthermore,
even after the flux has started to penetrate into the GB, the
values of the penetration depth of the flux front and the stray
fields are much smaller at the shielded side. This behavior is
even more pronounced for the transport experiment. With
increasing transport current /, the penetration depth of the
flux front and the values of the stray fields increase by de-
grees at the nonshielded side. In contrast, no flux penetration
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FIG. 6. Transport experiments using a bicrystalline YBaCuO
strip with a 3° [001] tilt boundary and a soft magnetic screening at
the sample’s left edge. The pictures show the B_(x,y) distribution of
the strip in zero external field and transport currents of /=8 A (a),
13.2 A (b), and 18.4 A (c).

is observed at the magnetically screened side. At the maxi-
mum transport current of /=18.4 A the GB is in a fully pen-
etrated state. However, from the evolution and the shape of
the flux profiles in Fig. 8, there is no indication that the flux
has entered the GB from the right hand (shielded) side.

For comparison, Fig. 9 shows a magnetization experiment
in the symmetric-screening (SS) configuration, where two
soft magnets were positioned at the sample’s left and the
right edges. This experiment proves that a symmetric shield-
ing of the film and also of the GB can be achieved. In this SS
configuration the first penetration field for the GB is sz
=9=+1 mT and does not significantly change in comparison
to the AS configuration. In Fig. 9 the flux density distribution
between the magnets for a lateral position outside the super-
conducting film is depicted. These profiles show that the soft
magnets give rise to a significant weakening of the local
magnetic field at the superconductor’s left and right edge.
For uoH,,=6.6 mT, the local field BY* at the shielded edges
of these samples is still below the measurement limit,
whereas the local field peak at the nonshielded edge reaches
B?=25 mT. At uyH,,=16.5 mT, B}~2 mT which is far be-
low the first penetration field of the grain, however, it
reaches the first penetration field of the GB.
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FIG. 7. (Color online) Profiles of the flux density B,(x) in a
magnetization (a) and a transport experiment (b). The profiles are
taken from the distributions in Fig. 4(a) and Fig. 6(b) at a position
away from the GB.

V. NUMERICAL SIMULATIONS FOR SELECTED
GEOMETRIES

In this section we present numerical simulations of the
model described in Sec. II for the relevant geometries real-
ized in the experiments. For both magnetizing and transport
experiments we investigate the behavior of the B, distribu-
tion in an asymmetrically shielded environment.

The geometric setup for the simulations is chosen to re-
flect the experimental setup from Sec. III. The reader has to
bear in mind that the mathematical model from Sec. II deals
with a two-dimensional cross section of the three-
dimensional setup described in Sec. III. For the transport
experiments the geometry of the superconducting strip I is
assumed to be a line segment of length 0.42 mm, for the
magnetizing experiment its length is 3 mm. In both cases the
line segment is parallel to the x axis and centered at the
origin. The geometry of the soft magnet ) is a smooth ap-
proximation to a rectangle of width 2 mm and height 1.5 mm
centered at the point (1.421,-0.25)7 for the transport experi-
ments, or (2.501,-0.25)7 for the magnetizing experiments
[in units of mm with respect to the (x,z) plane]. We realize
this by accordingly stretching and shifting the closed analytic
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FIG. 8. (Color online) Profiles of the flux density B.(x) at the
position of the grain boundary in the magnetization (a) (Fig. 4) and
the transport experiment (b) (Fig. 6).

curve x'+z!=1 representing the boundary curve 3. As
mentioned in Sec. II this smooth approximation is essential
for mathematical theory on which the simulations are based.
The effect of it is to round the corners of the rectangle
thereby also avoiding the development of singularities in the
magnetic field at the corners which are predicted from physi-
cal theory.

The permeability of the soft magnet is 80, the permeabil-
ity of the exterior domain is 1.

The numerical simulations have been performed using
512 nodes on the closed contour representing the boundary
of the soft magnet, and 129 nodes on the line segment rep-
resenting the superconducting strip. The effective gap be-
tween the superconducting strip and the boundary of the soft
magnet is 1 um.

The simulations are derived as follows. As described in
Ref. 6, Sec. IV, the underlying system of integral equations is
discretized using trigonometric interpolation and quadrature
rules [see Ref. 6, Eq. (35)]. This results in a finite-
dimensional linear system with in our case 641 variables
which is solved directly. The variables form a discrete ap-
proximation to the densities of the ansatz functions for the
solution u from Sec. II. The evaluation of the magnetic po-
tential and the magnetic field is then realized by discretizing
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the ansatz function in the same way as the system of integral
equations.

The current distributions in the superconducting strip
[Figs. 10(b) and 11(b)] are a by product of these computa-
tions in the following sense. In Eq. (20) we have identified
one of the defining densities of the ansatz function for the
solution u as the current distribution in the superconducting
strip. Hence we can read off a discrete approximation to it as
one part of the solution to the finite-dimensional linear sys-
tem that has been computed in order to evaluate the magnetic
field and the magnetic potential.

Since the superconducting strip has zero thickness the ob-
tained current density represents a sheet current density J(x)
in units of A/m. Formally, the current distributions and hence
the magnetic field develop singularities at the endpoints of
the superconducting strip. These singularities are treated ad-
equately within the model. As to the graphical output, due to
the discretization of the superconducting strip the current
profiles are shown only up to a distance of 450 nm to the
endpoints of the strip in the case of the magnetizing experi-
ments, and 65 nm in the transport experiment case, respec-
tively.

Figures 10(a) and 11(a) show the B.(x) profiles for the
asymmetrically shielded magnetization and transport con-
figurations realized in the experiments. They are directly
comparable to Fig. 7. The one-dimensional B.(x) profiles are
computed at a line parallel to the superconducting strip at a
distance of 1 um above the strip, where the field is nonsin-
gular. This measurement distance in the simulations corre-
sponds to the measurement distance in the magneto-optical
measurements. The field is evaluated at 429 points, the spac-
ing of which is chosen such that we have a fine resolution
near the endpoints of the superconducting strip where the
magnetic field displays an almost singular behavior, and a
comparably low resolution away from the endpoints of the
strip where the magnetic field is smooth. In our simulations
we have realized such a distribution by subjecting equidis-
tantly spaced points to a cosine transformation.

For the two-dimensional plots of the B, distribution (Fig.
12) we use a grid of 429 X400 points, where the points are
equidistantly spaced in z direction, but again subject to the
above-mentioned cosine transformation in x direction. The
grid is chosen such that an evaluation of the field in the
singularity is avoided. Since the main interest lies in the
behavior of the field in the vicinity of the superconducting
strip we have truncated the values of the B, distribution at
+100 mT for the magnetizing experiment and at +30 mT for
the transport experiment. The superimposed field lines are
isocontours of the corresponding magnetic potential, that is
computed in the model as the solution u (see Sec. II). The
plots contain 70 contours of the potential on a linear scale.

VI. DISCUSSION

In the following, the magnetic field conditioning as re-
vealed by our experiments and simulations is discussed, and
the theoretical and experimental results are compared. This
section is organized as follows: (i) We compare the theoret-
ical and experimental magnetic flux profiles at positions far
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away from the GB. (ii) the intragrain Meissner current den-
sity due to the stabilization of the Meissner state is compared
to the critical current density in the flux penetrated state
(without shielding). (iii) We derive some conclusions for the
current transport across the GBs in the Meissner and the flux
penetrated state.

First, we start with a discussion of the qualitative behavior
of the flux patterns. The comparison of the experimentally
observed flux density profiles in Figs. 7(a) and 7(b) with the
results of the simulations in Figs. 10(a) and 11(a) shows that
the asymmetric shielding configurations are described appro-
priately in the framework of our model both in the magneti-
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FIG. 9. Flux density distribution for the bi-
crystalline, symmetrically shielded YBCO film
with a 4° [001] tilt boundary in a magnetization
experiment. In this experiment two FeSi magnets
are present on the sample’s left and right edge.
2000 An external magnetic field of uyH,,=6.6 mT (a)
and 16.5 mT (b) is applied after zero-field cool-
ing. The flux density profiles are taken at the po-
1000 sitions of the lines in the images.
€
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zation and in the transport experiments. On the nonshielded
left-hand edge of the film, the transport or magnetization
currents generate large peaks in the flux density B.. In the
case of the magnetization experiments these local B values
are several times larger than the external field. The large B;
values give rise to a break down of the Meissner state at the
nonshielded left-hand edge and to the onset of flux penetra-
tion with a nucleation of the Shubnikov phase at the edge of
the sample. In contrast to this behavior, the flux penetration
is suppressed at the magnetically shielded edge up to much
higher magnetic fields. The simulations in Figs. 10(a) and
11(a) show a significant suppression of the B, peak at the
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FIG. 10. (Color online) (a) Calculated B,(x) profiles of a super-
conducting strip in a magnetizing experiment when shielded on the
right-hand side by a soft magnet with ©=80 at distance of 1 um
from the edge of the strip. The experimental parameters correspond
to the experiment shown in Figs. 4 and 7(a). (b) Sheet current
profiles of a superconducting strip corresponding to the field pro-
files in (a). The insets show the current density j(x)=J(x)/d at the
sample’s left and right edge. The j,. line indicates the experimental
value of the critical current density for sample A.

shielded edge B} by factors of more than 10 due to the soft
magnet.

The two-dimensional distribution of the B.(x,z) values in
combination with the magnetic field lines of B as shown in
Fig. 12 visualize the role of the soft magnet for the redistri-
bution of the magnetic field: Its main effect is to diminish the
magnetic flux at the edges of the superconducting film by
concentrating the magnetic flux in the high-u region. This is
irrespective of B being generated by a transport or a mag-
netization current and thus works both in magnetization and
in transport experiments.

Since the theoretical model describes infinitely thin films,
a direct quantitative comparison between the flux distribu-
tions of the theory [Figs. 10(a) and 11(a)] with the results of
the experiments [Figs. 7(a) and 7(b)] is only possible at po-

PHYSICAL REVIEW B 72, 144516 (2005)

a) 50 .
— |=-8A
— I=-106A i
o5} I=-13.2A
1=-184A |
I - g
=
E
N i
m magnet boundary :
-75F
- L L 1 1 1 e
98.4 -0.3 -0.2 -0.1 0 0.1 0.2
X [mm]
b) o
-200f
-400f
£
-600F
<
- -12 -12
-800f
By ~0.15 -0.1 % 0.15 02
— |I=-8A
-1000f — |=-10.6A ||
I1=-132A
I1=-184A
_1200t— p . L " " L . A
-02 -0.15 -01 -005 O 005 0.1 0.15 0.2
X [mm]

FIG. 11. (Color online) (a) Calculated B_(x) profiles of a super-
conducting strip in a transport experiment when shielded on the
right-hand side by a soft magnet with u©=80 at a distance of 1 um
from the edge of the strip. The experimental parameters correspond
to the experiment shown in Figs. 6 and 7(b). (b) Sheet current
profiles of a superconducting strip in the transport experiment cor-
responding to the field profiles in (a). The insets show the current
density j(x)=J(x)/d at the sample’s left and right edges. The j, line
indicates the experimental value of the critical current density for
sample B.

sitions, where the field singularities at the superconducting
film edges are avoided. Outside the superconductor, the
asymptotic behavior of B_(x) for x<x, (where x, denotes the
left, nonscreened edge of the superconductor) agrees nicely
within an accuracy of =30%. Note that there is no free pa-
rameter in the theoretical simulations.

We now continue with the discussion of the current den-
sity distributions in the theoretical simulations and draw con-
clusions as to what extent they correspond to the experimen-
tal ones. The current distributions in Figs. 10(b) and 11(b)
for the magnetization and the transport configurations, re-
spectively, show that a significant redistribution of the
Meissner current density is obtained. This was already
suggested* for superconducting films next to symmetrically
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FIG. 12. (a) Calculated B_(x,z) distributions (scales) together
with the field lines of B of a superconducting strip in the AS con-
figuration. The external field in this magnetization experiment is
poH,=16.5 mT. The field is shown in the (x,z) plane of the
superconductor-magnet arrangement. (b) The same as (a) but for the
transport experiment with a current of /=18.4 A.

arranged soft magnetic half spaces. Now, it is proven for
truly finite systems. The main modifications of the current
distribution are a decrease of the peak of the current density
at the edge next to the magnet, a redistribution with a slight
increase of the Meissner current density towards the interior
of the film, and a shift of the plane of symmetry of the
magnetization current density [x(/=0)] into the direction of
the magnet. This result agrees nicely with the one of Ref. 4
(see Figs. 1 and 2).

For the interpretation of our results two characteristic val-
ues for current densities have to be taken into account which
we will recall in the following: (i) The numerics nicely re-
produce the well-known shape of Meissner screening cur-
rents J(x) = [(W/2)>~x*]"? in thin films without magnetic
environments.'® In general, the edge singularity for the cur-
rent density has to be eliminated by a physical cutoff, given
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by the Ginzburg-Landau depairing current density j,
=d,/(3 \/Ew,u,ofab?\ﬁb), where @ is the magnetic flux quanta,
&, the coherence length in the (a,b) plane, and A, the mag-
netic penetration depth. Using the material parameters of
YBCO one obtains a characteristic value of j,=3.2
X 10" A/m?. In Figs. 10(b) and 11(b) this cutoff corre-
sponds to a sheet current of J(x)=;(x)d=1060 A/mm, where
d denotes the thickness of the film. This sets an upper limit
for the local current density which flows in the Meissner
state. (ii) In contrast, after set-in of magnetic flux penetration
and break down of the Meissner state at the film edge, the
maximum current density of the superconducting films is
limited by the pinning strength of material defects on flux
lines. This defines a second characteristic current density, the
critical current density j.. In our experiments, the three films
(A-C) have intragranular j. values between 2.8X 10"
A/m? [sample A, see Fig. 3(c)] and 3.2X 10" A/m? at T
=9 K (samples B and C).

With the help of these characteristic values we can now
draw conclusions on the relations between the Meissner cur-
rent densities in the theoretical simulations and the experi-
ments. Figures 10(b) and 11(b) reveal on the one hand that j
remains below j, in the whole area of the superconducting
film that is displayed, so the values of j on the shiclded edges
of the superconducting films are not an artefact of the model.
On the other hand we observe by comparing the Meissner
current distributions obtained by the simulations with the j,.
values in the films [see insets of Figs. 10(b) and 11(b)] that
Jj>J.. From this we deduce that also in the experiments the
current densities at the shielded edges of the film, where the
Meissner state is stabilized, are overcritical. The result of
Ref. 7, which was obtained by inversion of Biot-Savart’s law,
stating that overcritical values of up to j/j.=~4 can be
achieved is confirmed in Fig. 10(b), where j/j. is up to 7 for
the magnetization experiment. For the transport experiment a
ratio of j/j.=3.3 is observed at /=18.4 A. Since no break-
down of the Meissner state at the shielded edge is observed
in the range of applicable transport currents 0 </<20 A in
our setup, we suggest that even larger ratios for overcritical
transport current densities are possible.

Finally, we analyze how conclusions with respect to the
magnetic shielding of grain boundaries and the potential for
the improvement of current densities across grain boundaries
can be drawn from the presented model. On first glance the
model does not seem appropriate to study grain boundaries,
since the simulations of the current distributions in magneti-
cally shielded superconductors are restricted to the case of
one-dimensional current distributions, whereas the descrip-
tion of a grain boundary requires complex two-dimensional
current distributions. However, a formation of a convex 2d
current pattern can be detected in our experiments because it
is directly related to the generation of a significant magnetic
stray field with a local maximum located at the position of
the GB plane. Such two-dimensional patterns are only
present if j,,<j, where j is the current density in the grain,
i.e., when flux starts to penetrate into the GB on the shielded
side of the film. In contrast to that, the observed absence of a
magnetic flux density in the GB plane for H6X<H;b (or for
transport currents below a critical value I") shows that Jeb
=j. This suggests that the presented model which uses a one-
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dimensional current density can be applied to the AS experi-
ments, as long as no flux penetration in the GB is visible on
the shielded side. Consequently, the current distributions in
Fig. 10(b) for H,<H,;=9.9 mT and in Fig. 11(b) for I
<[", where I'=18.4 A, can be utilized to obtain an estimate
of the current carrying capability of the GB in the flux free
state. Using this method we obtain values of up to j,,
=9 X 10" A/m? which are far above the critical value of
Je,gp=9 X 10'° A/m?.

As follows from a simple model of the GB, this value
does not seem to be unrealistically large. A simple model of
a small angle GB approximates the GB plane as a periodic
array of superconducting and insulating regions.'® Since the
lattice distortions of a small-angle [001] tilt grain boundary
are localized within a set of edge dislocations which induce a
locally insulating area, we assume that the superconducting
transport in the channels between the dislocations is not af-
fected. Consequently, the bulk depairing current density j, is
maintained locally in the channels and the maximum pos-
sible value of current density across the grain boundary in
the flux-free state is just given by j, diminished by the ratio
of the cross sections of the insulating dislocations to that of
one of the channels. For a 4° [001] tilt boundary we obtain a
distance between the dislocations of =5.5 nm and a deple-
tion radius for superconducting properties of ~1 nm.?%?!
From the resulting reduced superconducting cross section of
the GB a reduction of the bulk depairing current density j, to
a value of jj =2 10" is computed. This rough estimate
together with our results above shows that large overcritical
current densities across small angle grain boundaries are pos-
sible as long as the flux entry is prevented.
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VII. SUMMARY AND CONCLUSIONS

In summary, we have shown by a combined experimental
and theoretical study of superconducting strips in an asym-
metric soft magnetic environment that overcritical current
distributions can be obtained by field conditioning. Qualita-
tively, the obtained flux density distributions in our experi-
ments agree very nicely with the ones of the theoretical
model. Deviations in the values of the flux peaks at the film’s
edges are well understood. They are due to the modeling of
the films with zero film thickness. The analysis of the field
distribution of the combined system of superconductor and
soft magnets allows us to clearly identify the mechanism of
stabilizing the Meissner state, which is due to the diminution
of the magnetic flux at the edge of the superconductor and to
the concentration of the magnetic flux in the high-u region.
This mechanism renders the flow of overcritical current den-
sities at the shielded edges of the film possible. Of significant
importance is that this mechanism works also for grain
boundaries. In high-7,. superconductors their critical current
densities are strongly suppressed with increasing grain
boundary misorientation angle and with increasing magnetic
fields. The prevention of flux penetration by soft magnetic
environments and the strong evidence for overcritical inter-
granular current densities thus open up new possibilities for
improvement of critical currents in technical conductors and
for the study of basic mechanisms of current transport across
grain boundaries in the flux-free state.
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