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Enhanced critical currents by silver sheeting of YBa2Cu3O7Àd thin films
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Magneto-optical investigation of flux penetration into high-temperature superconducting thin films allows
the determination of the local critical current densityj c by an inversion scheme of Biot-Savart’s law. This
method is used to examine the influence of silver sheeting onj c in thin films of YBa2Cu3O72d ~YBCO!
quantitatively. It can be found that a feasible silver covering layer on top of a YBCO thin film can enhance the
critical current density by up to 50%. Spatially resolved measurements of the magnetic-flux density distribution
in partly silver covered YBCO films show the influence of the cover layer on the current pattern in the
superconductor. The measured enhancement of the critical current density, that is induced by the silver layer,
has its origin in a spatially varying proximity effect between superconductor and silver layer which leads to a
strong variation of the flux-line energies on a small length scale. This variation is directly related to an
additional pinning force density on the flux lines. A detailed model is developed that can explain the measured
enhancement of the critical current density by considering this additional pinning.
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The critical current density is one of the most cruc
properties of high-temperature superconductors for b
physical understanding and applications. A lot of work h
been carried out on the question of how to enhance the c
cal current density of superconducting material. Very h
critical currents can be observed in epitaxially grown th
films of high-temperature superconductors.1–3 Current densi-
ties of up toj c'831011 A/m2 at T55 K can be found in
films of YBa2Cu3O72d ~YBCO!.4,5 This originates from the
high density of different lattice defects that act as effect
pinning sites for the flux lines.4–9 Detailed theoretical de
scriptions of these pinning scenarios can be found in
reviews of Blatteret al.10 and Brandt.11 To exploit these high
values ofj c for current transport applications it is necessa
to contact the superconductors with a common, nonsu
conducting current supply. This is usually done by evapo
ing thin films of noble metals onto the top of the superco
ductor which acts as contact pads. Silver layers w
especially found to have excellent characteristics for t
application.12 The scope of this paper is the investigation
correlations between silver cover layers and the critical c
rent densities in thin films of high-temperature supercondu
ors.

We present measurements on the influence of silver c
ering layers on the superconducting characteristics of YB
thin films. In our experiment YBCO thin films are use
which are manufactured by laser deposition on@001# SrTiO3
substrates. An etching process is performed to pattern
samples into long strips with a width of 500mm and vary-
ing thicknessesds between 100 and 220 nm. Of each of t
YBCO films one-half was covered with silver layers wi
thicknessesdn between 30 and 350 nm, which were depo
ited by a sputtering technique. This geometry allows us
0163-1829/2002/66~5!/054525~7!/$20.00 66 0545
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compare the same YBCO thin film with and without a silv
covering layer, excluding all other possible variations th
might occur in the case of using different samples.

These samples are placed in a helium cryostate and
measurements are performed atT55 K after zero-field
cooling. After applying an external magnetic field, the flu
density distribution in the samples is investigated. The s
tially resolvedz component of the magnetic-flux density
measured by means of magneto-optics. As a field-sen
layer we use a ferrimagnetic FeGdY-garnet film that exhib
a strong Faraday effect.13,14 This garnet film is placed onto
the sample, and then observed by a polarization-light mic
scope connected to a charge-coupled device camera.
method yields gray scale images of the light-intensity dis
bution that is generated by the magnetic-flux density dis
bution slightly above the YBCO strip with a spatial resol
tion of approximately 3 –5mm. The limiting factor of the
spatial resolution is the thickness of the magneto-optica
active layer because the magnetic-flux density pattern
blurred with increasing distance to the surface of the sam
In the obtained images high magnetic-flux densities app
as bright parts, and dark parts refer to a low magnetic-fl
density. From the light-intensity data the flux density dist
bution can be obtained quantitatively by using a nonlin
calibration function which takes the intrinsic properties
the garnet film into account.15

Figure 1 shows the measured and calibrated magnetic-
distribution of a sample that consists of an optimally dop
YBCO film with a thicknessds5100 nm covered on the
right part with a 300-nm-thick silver layer. The image
obtained at an applied external field ofm0Hex524 mT after
zero-field cooling. To reduce perturbing polarization effe
of the microscope the image of the zero-field cooled stat
subtracted.
©2002 The American Physical Society25-1
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In the gray scale representation the difference between
silver sheeted and the unmodified part is obvious. The p
etration depth of the magnetic-flux density is much sma
for the YBCO-silver double layer. This is related to a signi
cantly enhanced critical current density in this area. The
terface between uncovered and covered supercondu
shows additional features. The two parts of the strip are se
rated by a bright line visible in the center of Fig. 1. This lin
is a so-calledd2-discontinuity line, characterized by a jum
in the magnitude of the current density.16 At the crossings of
the d2 line with the border of the sample two more disco
tinuity lines start, namely, twod1 lines, visible as black lines
having the diagonal course into the region with lower pe
etration depth. Thesed1 lines indicate a change of the dire
tion of the current stream lines.

This knowledge is now applied to develop a model for t
corresponding current pattern in the superconductor. To
duce geometric difficulties, a strip is assumed with an infin
length and a thickness which is much smaller than the fi
width. This sample geometry leads to a quasi-tw
dimensional problem. The strip is divided into two areas
different values of the critical current densitiesj c1 and j c2.
Under the condition that the Bean assumptionj c5const is
valid in each area, it is possible to construct the current p
tern geometrically.17 Note, that the exact solution can only b
found for the fully penetrated state. The current pattern fo
thin superconducting strip with two differentj c’s is depicted
in Fig. 2.

The thin black lines are representing the current stre
lines; the distance between them gives the magnitude of
current density. The discontinuity lines are shown as th
black lines and their positions are determined by the ratio
the two current densities in the left and in the right parts
the strip. There is a clear correspondence between the
continuity lines that appear in this simple model and
discontinuity lines observed in Fig. 1.

To perform a useful comparison with the experimen
data it is necessary to obtain the corresponding current

FIG. 1. Gray scale image of the flux density distribution in t
superconducting strip measured atm0Hex524 mT andT55 K.
The width of the strip is 500mm.
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tern to the observed flux density distribution in Fig. 1. Th
can be achieved by a model-independent, numerical calc
tion: the relation between thez component of the flux density
distribution and the desired current-density distribution
given by the equation of Biot and Savart. Assuming a tw
dimensional current distribution, which means there are o
currents in the film plane and these currents are cons
along the direction perpendicular to the film plane, it is po
sible to invert Biot-Savart’s law in an unambigious wa
These assumptions are fulfilled very well for the case of
investigated thin-film geometry. Using divj 50 as a second
equation one is able to determinej x and j y , the in-plane
components of the current density, from the measuredBz
data. For a detailed description of the inversion scheme
Joosset al.18

A first representation of the current-density distributi
calculated from the magnetic-flux pattern in Fig. 1 can
given by plotting the corresponding current stream lines.
Fig. 3 the stream lines overlie the flux density distribution
the superconductor. The magnitude of the current densit
proportional to the inverse distance of the stream lines
this magnitude is obviously higher in the right, silver-shee
area. The background gray scale in Fig. 3 shows some zig
lines in the center of the sample. These lines are generate
magnetic domain boundaries in the field-sensing layer.

FIG. 2. Sketch of the current-density distribution in a superc
ducting thin strip with two different critical currents according
Bean’s model.

FIG. 3. Overlay of the gray scale image of Fig. 1 and the c
culated current stream lines.
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In addition to this a lot of features of the current model
Fig. 2 can be recognized. The first we will mention is t
continuous but localized bending of the current stream li
at the discontinuity lines that follows the prediction of th
model. The finite curvature radii at thed lines are due to the
influence of finite electric fields.19 Another accordance to th
model is the retracing of the inner stream lines in the hi
current area at the border of the silver sheeting. The th
inner stream lines in the right part of the image show
same behavior as the corresponding lines in Fig. 2.

To get a quantitative value of the current enhancemen
a silver covering layer, in Fig. 4 a gray scale image of th
magnitude of the current density is depicted. Bright ar
refer to high current densities and the black color indica
vanishing currents. The profile plotted below the image
taken along the black horizontal line in the lower part of t
image.

Figure 4 confirms the splitting of the superconducti
strip into two parts with constant critical current densiti
each. This is shown by the light gray in the right part w
the high currents and a darker gray in the left part separ
by a sharp border. The zigzag structures in the center of
sample are again created by domain structures in the i
garnet film. A close look on the profile plotted below yield
an enhancement of the current density from 1
31011 A/m2 in the unmodified region to 1.931011 A/m2 in
the silver-sheeted region. This is an increase of about 50

In the following, a systematic study of this enhancem
of the critical current density as a function of the thicknes
ds of YBCO anddn of silver is performed to get a deepe
insight in the origin of this effect. A first results shown
Fig. 5. The plot shows the relation between the absolute
hancement of the critical current densityD j c and the inverse

FIG. 4. Gray scale image of the magnitude of the current den
corresponding to the stream lines in Fig. 3. The profile below gi
the value of the current density along the black line.
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thickness 1/ds of the superconducting film. The differen
curves refer to four different thicknessesdn of the silver
covering layer. The curves in Fig. 5 show an increase of
effect for decreasing thicknesses of the superconducting
ers. This behavior indicates that the enhancement ofj c by
silver sheeting is caused by a surface effect.

Further information can be obtained by investigating t
dependence of the effect on the thicknessdn of the normal
conducting layer. This scenario is plotted in Fig. 6.

Apart from the sample OA9/1 all measurements show
distict increase of the effect with an increasing thicknessdn
of the silver layer. The negligible effect for sample OA9/1
related to the fact that it is the thickest sample of the se
and therefore the least influenced by the surface effect.
data in Fig. 6 prove that the origin of the enhancement of
critical current density is related to the so-called proxim
effect. This effect describes the tunneling of Cooper pa
into the nonsuperconducting metal film.20 It leads to an in-
homogeneous extension of the superconducting conden
into the normal conducting metal and thus to a variation

ty
s

FIG. 5. EnhancementD j c of the critical current density in de
pendence of the thicknessds of the YBCO film. The different
curves refer to different thicknessesdn of the silver cover layers
specified in the top left of the figure.

FIG. 6. EnhancementD j c of the critical current density in de
pendence of the thicknessdn of the silver layer. The different curve
refer to different thicknesses of the YBCO film which are chara
terized in the inset in the top left. The ‘‘OA’’ numbers are produ
tion codes.
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the self-energy of the flux lines. Considering a partly p
turbed normal conductor-superconductor interface at
(x,y) plane one gets a spatially varying proximity leng
jn(x,y). As a result one obtains a spatially varying se
energyE of the flux lines and therefore an additional pinnin
force.21 The next section introduces an appropriate mo
that explains the experimental results based on a descrip
which takes the so-called inhomogeneous proximity eff
into account.

Proximity effect means that Cooper pairs penetrate fro
superconductor into a noble-metal layer with penetrat
depths in the range of;100 nm.20 The transition of the
Cooper pairs may be described by a transition probabilityW̃
which is related to the microstructure of the superconduct
normal conductor~SN! boundary. It has been shown that th
resistivity of the SN boundary which is directly related to t
transition probality has to be taken into account to desc
the proximity effect properly.22 Due to precipitates and
chemical inhomogeneities including surface roughnes
this transition probability is modified in space leading to
local variation of the flux-line energyE(r ). This leads to a
pinning force f p5dEn(r )/dr, whereEn(r ) denotes the en
ergy of vortices extending virtually in the normal conducti
silver film. The calculation ofEn(r ) is based on the ansatz o
Clem23 for the order parameterC,

C~r ,z!5 f ~r !g~z!eiw, ~1!

where

f ~r !5
r

Ar 212jab
2

~2!

describes the radial distribution ofC(r ,z) andg(z) the de-
pendence ofC parallel to the vortex line which is assume
to lie perpendicular to the SN boundary. Forg(z) the ap-
proximation

g~z!5C0

W̃

cosh~dn /jn!
coshS z2dn

jn
D , ~3!

is valid,24 whereC0 denotes the order parameter in the s
perconductor andW̃ describes the jump of the order param
eter at the SN boundary.W̃2 corresponds to the transmissio
coefficients of the Cooper pairs at the SN boundary.jn is the
proximity length in the normal conductor mentioned abov

For a calculation of the vortex-line energy the circu
componentAw of the vector potential is required, which a
cording to Ref. 23 can approximately be written as

Aw~r ,z!5
F0

2pr F 12

R~r !K1S R~r !

ln~z! D
A2jabK1SA2jab

ln~z!
D G ~4!

with R(r )5Ar 212jab
2 and the penetration depth in the no

mal state,
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ln5lL

cosh~dnjn!

W̃ coshF 1

jn
~z2dn!G . ~5!

The entire energy of the flux line in the normal state no
is given by

E5E d3r Fan~ uCu22uC0u2!

1
1

2m*
u~2 i\¹22eA!Cu21

1

2m0
B2G , ~6!

whereC0 is the Cooper pair density in the normal conduc
for B50. IntroducingC(r ,z) andB5curlA into Eq.~6! the
vortex-line energy can be written as

E5
F0

2W̃2

4pm0lab
2

F~jn ,k,W̃,dn!, ~7!

with

F~jn ,k,W̃,dn!5jntanh~dnjn!F5

8
1

1

2
ln~kW̃!2

ln 2

4 G
1

dn

cosh2~dn /jn!

3F1

8
1

1

2
ln~k/W̃!1

dn

4jn
2

ln 2

4 G . ~8!

k represents the Ginzburg-Landau parameter andlab is the
London penetration depth of the superconductor. Details
the calculation can be found in the Appendix.

Under the assumption that the wavelengthl of the fluc-
tuations of the transmission probabilityuW̃u2 is larger than
lab the critical current density due to surface pinning is a
proximately given by

D j c5
2F0Wmax

2

m0plL
2l

3FF~jn ,k,W̃max,dn!

2
1

4

jn

dn
tanhS dn

jn
D2

1

4

dn

dscosh2~dn /jn!
G . ~9!

wheredW̃/dr'4W̃max/ l , W̃max, corresponding to the maxi
mum value of the transmission probability.

Numerical results forD j c are presented in Fig. 7 as
function ofdn with jn or W̃max as parameters. The superco
ducting and microstructural parameters used for this calc
tion arek5kab'100, lL5lab'150 nm,jn as given in the
plots, W̃m'1/25,21 and l'20 nm.15 The numerically deter-
mined critical currentsD j c due to pinning by the inhomog
enous proximity effect are of the correct order of magnitu
of several 1010 A/m2. D j c increases linearly fordn,jn and
approaches a saturation value fordn.jn . The saturation val-
ues increase with increasingjn linearly and with increasing
W̃m quadratically. A comparison with the experimental r
5-4
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ENHANCED CRITICAL CURRENTS BY SILVER . . . PHYSICAL REVIEW B 66, 054525 ~2002!
sults is shown in Fig. 8, where the experimental quan
D j cds vs dn is presented. The theoretical curve was obtain
for the following parameters: W̃m57.4631023, l
527.1 nm. Furthermore, an additional term,D j c

s , has been
added to the proximity term which takes care of the mic
structural pinning at the degradated surface due to precip
tions and plasmaoxidation. The proximity length is estima
from Fig. 8 to bejn'350 nm, which is surprisingly large.

In conclusion, we have investigated the influence o
silver covering layer on the critical current of a YBCO th
film. With quantitative analysis of magneto-optical measu
ments we determined an enhancement of the critical cur
density of silver-sheeted YBCO of up to 50% compared
the unmodified material. The consideration of YBCO film
of varying thicknesses suggests that the effect is caused
surface mechanism. An additional investigation on silv
covering layers between 30 and 300 nm proves the inho
geneous proximity effect and the related additional pinn
force density to be the origin of the enhanced current den
A detailed calculation of the spatial variation of the flux-lin
energy is able to explain the experimental data properly.

The authors are grateful to T. Dragon for technical as
tance and to U. Sticher and H.-U. Habermeier for the pre
rations of the films.

FIG. 7. Top: D j c dependent ondn for different proximity

lengthsjn (W̃m50.04,Dx520 nm). Bottom:D j c dependent ondn

for different transmission coefficientsW̃m (jn5400 nm, Dx
520 nm) @Eq. ~9!#.
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APPENDIX: LINE ENERGY

The flux-line energyEFL that is relevant to obtain Eq.~8!
is now calculated explicitly. In a normal conducting regio
EFL is given by

EFL5E
V
d3r Fan~ uCu22uC0u2!

1
1

2m*
u~2 i\¹22eA!Cu21

B2

2m0
G . ~A1!

uC0u2 is the charge-carrier density without external magne
field

C05CBWcoshS z2dn

jn
Deiu. ~A2!

eiu represents an independent but fixed phase. Note the
energy in the normal conductor is independent of the Lan
coefficientb. The line energy can be separated in three pa
the condensation energy, the kinetic energy, and the fi
energy,

EFL5EC1Ekin1EB . ~A3!

One obtains

EC5E
V
d3ran~ uCu22uC0u2! ~A4!

for the condensation part,

Ekin5
1

2m*
E

V
d3r u~2 i\¹22eA!Cu2 ~A5!

for the kinetic part, and

FIG. 8. Comparison of the experimental quantityD j cds with the
theoretical prediction@Eq. ~9!# as a function ofdn for the specimen

of Fig. 3. The fit parameters wereW̃m57.4631023, Dx
527.1 nm, andD j c

s50.2531011 A/m2.
5-5
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EB5
1

2m0
E

V
d3rB2 ~A6!

for the field part. In the following all three parts are cons
ered to be separated from each other.

1. Condensation energy

In a first step the condensation energy shall be calcula

EC5E
V
d3ran~ uCu22uC0u2!. ~A7!

The radial part of the order parameter is approximately gi
by Welch25 with

u f ~r !u2512e2r 2/jW
2
. ~A8!

jW is slightly larger thanA2jab and gives a value for the
flux-line extension. By use ofC, C0, and

an5
\2

2m* jW
2

~A9!

in Eq. ~A7!, w and r integration yields

EC5
2p\2uCBu2W2

4m*
E

0

dn
dzcosh2S z2dn

jn
D . ~A10!

The introduction ofln , the penetration depth in the norm
state, simplifies Eq.~A10! to

EC5
f0

2

8pm0
E

0

dn
dz

1

ln
2

. ~A11!

2. Kinetic energy

The calculation of the kinetic energy starts with the mo
fied Eq.~A5!,

Ekin5
1

2m*
E

V
d3r @\2u¹Cu2

12ie\A~C* ¹C2C¹C* !14e2A2uCu2#.

~A12!

With Aw(r ,z) and the ansatz for the order parameter,

C~r ,z!5CBeiw
r

Ar 21jn
2

WcoshS z2dn

jn
D , ~A13!

writing jn for A2jab one obtains
05452
-
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-

Ekin5
\2uCBu2

2m*
E

V
d3rW2cosh2S z2dn

jn
D

3F jn
4

~r 21jn
2!3

1

K1
2S R

ln
D

jn
2K1

2S jn

ln
D G . ~A14!

w and r integration together with the recursion formula f
the MacDonald functions Kn simplify Eq. ~A14! to

Ekin5
f0

2

8pm0
E

0

dn
dzH K0

2S jn

ln
D

ln
2K1

2S jn

ln
D 1

2K0S jn

ln
D

jnlnK1S jn

ln
D 2

1

2ln
2J .

~A15!

3. Field energy

The last contribution is the magnetic-field energy. Afterw
and r integration one obtains

EB5
f0

2

8pm0
E

0

dn 1

ln
2S 12

K0
2S jn

ln
D

K1
2S jn

ln
D D . ~A16!

4. z integration

The remaining problem is now thez integration of the
sum of all contributions,

EFL5
f0

2

8pm0
E

0

dn
dzH 2K0S jn

ln
D

jnlnK1S jn

ln
D 1

3

2ln
2J . ~A17!

This is an integral that cannot be solved analytically. The
fore we have to introduce approximations for the MacDon
functions. The quotientjab /lab is of the order of 1022 for
YBCO and with W,1022 the arguments of the MacDonal
functions are very small. This leads to the first-order term

K0S jn

ln
D→ lnS ln

jn
D ,

K1S jn

ln
D→ ln

jn
. ~A18!

Equation~A17! can be substituted by

EFL5
f0

2W2

4pm0lB
2E0

dn
dzcosh2S z2dn

jn
D

3H 3

4
2 lnF jn

lB
W coshS z2dn

jn
D G J . ~A19!

usingln from Eq. ~5!.
5-6
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With partial integration and the substitutionz̃5z2dn /jn
we can write

EFL5
f0

2W2

4pm0lB
2 Fjn

4
sinhS 2dn

jn
D1

dn

2 G
3H 3

4
2 lnF jn

lB
W coshS dn

jn
D G J 1

f0
2W2

16pm0lB
2 Fjn

2
sinh

3S 2dn

jn
D2dnG1

f0
2W2jn

8pm0lB
2E

2dn /jn

0

dz̃z̃tanh~ z̃!.

~A20!

The integral overz̃tanh(z̃) remains. An approximate solu
tion of the integral can be given by

E
2dn /jn

0

dz̃z̃ tanh~ z̃!'
1

2 S dn

jn
D 2

. ~A21!
.G

ji

, R

Le

et

be

.

d
l.

05452
Summing up all results and reintroducingW̃, the transmis-
sion coefficient,jB'jn /A2, the coherence length andk
5lB /jB , the Ginzburg-Landau parameter, the line energy
a flux line in a normal conductor perpendicular to a sup
conductor interface, can be written as

EFL5
f0

2W̃2

4pm0lB
2 F jntanhS dn

jn
D S 5

8
2

ln 2

4 D

1
dn

cosh2S dn

jn
D S 1

8
2

ln 2

4 D1
dn

2

4jncosh2S dn

jn
D

1S jn

2
tanhS dn

jn
D1

dn

2cosh2S dn

jn
D D lnS k

W̃
D G .

~A22!
C
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