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Magneto-optical investigation of flux penetration into high-temperature superconducting thin films allows
the determination of the local critical current densjtyby an inversion scheme of Biot-Savart’s law. This
method is used to examine the influence of silver sheeting.on thin films of YBaCu;O;_ s (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.

DOI: 10.1103/PhysRevB.66.054525 PACS nuniber74.60.Jg, 74.56:r, 74.72.Bk, 74.60.Ge

The critical current density is one of the most crucial compare the same YBCO thin film with and without a silver
properties of high-temperature superconductors for botigovering layer, excluding all other possible variations that
physical understanding and applications. A lot of work hagmnight occur in the case of using different samples.
been carried out on the question of how to enhance the criti- 1hese samples are placed in a helium cryostate and all
cal current density of superconducting material. Very highmez?_surer?ents arle_ performed 'Et|=5 K af;erf. zle(zjro-ﬂel(zl
critical currents can be observed in epitaxially grown thinC00lNg. After applying an external magnetic field, the flux
films of high-temperature superconductbr$Current densi- dpnsﬂy distribution in the samples is |nve§tlgated. The spa-
ties of up toj ~8x 10" A/m? atT=5 K can be found in tially resolvedz component of the magnetic-flux density is

. —

films of YBa,Cu,0,_ 5 (YBCO).45 This originates from the measured by means of magneto-optics. As a field-sensing

. . ; ) . layer we use a ferrimagnetic FeGdY-garnet film that exhibits
high density of different lattice defects that act as effectlvea )étrovr\:g Lllzaraday éﬁ‘e 3,14 'Il'his garne?t film isl placed c))(ntlol
pinning sites for the flux line&-° Detailed theoretical de- '

i Mt - - the sample, and then observed by a polarization-light micro-
scriptions of these pinning scenarios can be found in thgcope connected to a charge-coupled device camera. This
reviews of Blatteret al and Brandt!" To exploit these high  method yields gray scale images of the light-intensity distri-
values ofj for current transport applications it is necessarypution that is generated by the magnetic-flux density distri-
to contact the superconductors with a common, nonsupebution slightly above the YBCO strip with a spatial resolu-
conducting current supply. This is usually done by evaporattion of approximately 3—5um. The limiting factor of the
ing thin films of noble metals onto the top of the supercon-spatial resolution is the thickness of the magneto-optically
ductor which acts as contact pads. Silver layers werective layer because the magnetic-flux density pattern is
especially found to have excellent characteristics for thisblurred with increasing distance to the surface of the sample.
application'? The scope of this paper is the investigation of In the obtained images high magnetic-flux densities appear
correlations between silver cover layers and the critical curas bright parts, and dark parts refer to a low magnetic-flux
rent densities in thin films of high-temperature superconducteensity. From the light-intensity data the flux density distri-
ors. bution can be obtained quantitatively by using a nonlinear
We present measurements on the influence of silver cowealibration function which takes the intrinsic properties of
ering layers on the superconducting characteristics of YBCGhe garnet film into accouri®.
thin films. In our experiment YBCO thin films are used  Figure 1 shows the measured and calibrated magnetic-flux
which are manufactured by laser deposition[001] SrTiO;  distribution of a sample that consists of an optimally doped
substrates. An etching process is performed to pattern theBCO film with a thicknessdg=100 nm covered on the
samples into long strips with a width of 50@m and vary-  right part with a 300-nm-thick silver layer. The image is
ing thicknesseslg between 100 and 220 nm. Of each of the obtained at an applied external field @fH.,=24 mT after
YBCO films one-half was covered with silver layers with zero-field cooling. To reduce perturbing polarization effects
thicknessesl,, between 30 and 350 nm, which were depos-of the microscope the image of the zero-field cooled state is
ited by a sputtering technique. This geometry allows us tasubtracted.

0163-1829/2002/66)/054525%7)/$20.00 66 054525-1 ©2002 The American Physical Society



M. KIENZLE et al. PHYSICAL REVIEW B 66, 054525 (2002

jcl ch

»

\

current stream lines

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

tern to the observed flux density distribution in Fig. 1. This
can be achieved by a model-independent, numerical calcula-
tion: the relation between ttecomponent of the flux density
distribution and the desired current-density distribution is
FIG. 1. Gray scale image of the flux density distribution in the given by the equation of Biot and Savart. Assuming a two-
superconducting strip measured @§Ho,=24 mT andT=5 K.  dimensional current distribution, which means there are only
The width of the strip is 500um. currents in the film plane and these currents are constant

_ ) along the direction perpendicular to the film plane, it is pos-
In the gray scale representation the difference between thgple to invert Biot-Savart's law in an unambigious way.

silver sheeted and the unmodified part is obvious. The penrhese assumptions are fulfilled very well for the case of the
etration depth of the magnetic-flux density is much Sma”erinvestigated thin-film geometry. Using djv=0 as a second
for the YBCO-silver double layer. This is related to a signifi- oquation one is able to determije and j,, the in-plane
cantly enhanced critical current density in this area. The i”'components of the current density, fromy ,the measBed

terface between uncovered and covered superconductoga For a detailed description of the inversion scheme see
shows additional features. The two parts of the strip are sepgygsset g118

rated by a bright line visible in the center of Fig. 1. This line A first representation of the current-density distribution
is a so-calledd” -discontinuity line, characterized by a jJump cajculated from the magnetic-flux pattern in Fig. 1 can be
in the magnitude of the current densifyat the crossings of  given by plotting the corresponding current stream lines. In
thed™ line with the border of the sample two more discon-fig 3 the stream lines overlie the flux density distribution in
tinuity lines start, namely, twd™ lines, visible as black lines  the superconductor. The magnitude of the current density is
having the diagonal course into the region with lower penyroportional to the inverse distance of the stream lines and
etration depth. Thes#" lines indicate a change of the direc- this magnitude is obviously higher in the right, silver-sheeted
tion of the current stream lines. area. The background gray scale in Fig. 3 shows some zigzag
This knowledge is now applied to develop a model for thejines in the center of the sample. These lines are generated by

corresponding current pattern in the superconductor. To renagnetic domain boundaries in the field-sensing layer.
duce geometric difficulties, a strip is assumed with an infinite

length and a thickness which is much smaller than the finite
width. This sample geometry leads to a quasi-two-
dimensional problem. The strip is divided into two areas of
different values of the critical current densitigg and j.,.
Under the condition that the Bean assumptjgs const is
valid in each area, it is possible to construct the current pat-
tern geometrically’ Note, that the exact solution can only be
found for the fully penetrated state. The current pattern for a
thin superconducting strip with two different’s is depicted

in Fig. 2.

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

To perform a useful comparison with the experimental FIG. 3. Overlay of the gray scale image of Fig. 1 and the cal-
data it is necessary to obtain the corresponding current patulated current stream lines.
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FIG. 5. Enhancemeni . of the critical current density in de-
1.8x10" pendence of the thicknesd of the YBCO film. The different
' 1 lil (A/m2) curves refer to different thicknesseg of the silver cover layers
1.6x10 specified in the top left of the figure.
1.4x10"
11 i
1'2’”0_4'00 200 8 200 400 thickness 1dg of the superconducting film. The different

curves refer to four different thicknesses of the silver
covering layer. The curves in Fig. 5 show an increase of the
FIG. 4. Gray scale image of the magnitude of the current densiteffect for decreasing thicknesses of the superconducting lay-
corresponding to the stream lines in Fig. 3. The profile below givesers. This behavior indicates that the enhancemerjt, dfy
the value of the current density along the black line. silver sheeting is caused by a surface effect.
Further information can be obtained by investigating the
In addition to this a lot of features of the current model in dependence of the effect on the thicknelgsof the normal
Fig. 2 can be recognized. The first we will mention is theconducting layer. This scenario is plotted in Fig. 6.
continuous but localized bending of the current stream lines Apart from the sample OA9/1 all measurements show a
at the discontinuity lines that follows the prediction of the distict increase of the effect with an increasing thicknéss
model. The finite curvature radii at thitlines are due to the of the silver layer. The negligible effect for sample OA9/1 is
influence of finite electric field§’ Another accordance to the related to the fact that it is the thickest sample of the series
model is the retracing of the inner stream lines in the high-and therefore the least influenced by the surface effect. The
current area at the border of the silver sheeting. The thredata in Fig. 6 prove that the origin of the enhancement of the
inner stream lines in the right part of the image show thecritical current density is related to the so-called proximity
same behavior as the corresponding lines in Fig. 2. effect. This effect describes the tunneling of Cooper pairs
To get a quantitative value of the current enhancement bynto the nonsuperconducting metal fiffhit leads to an in-
a silver covering layer, in Figd a gray scale image of the homogeneous extension of the superconducting condensate
magnitude of the current density is depicted. Bright area#to the normal conducting metal and thus to a variation of
refer to high current densities and the black color indicates
vanishing currents. The profile plotted below the image is o7

x (um)

taken along the black horizontal line in the lower part of the == OAs o 102nm e
image 6 [+~ OA13/1 d~120nm e
ge. a— -4 OA10/1 d,=130nm -
i i itti i |+ v 0a15 =167 -
Figure 4 confirms the splitting of the superconducting 05 || T ONE e e

strip into two parts with constant critical current densities
each. This is shown by the light gray in the right part with g
the high currents and a darker gray in the left part separatet:i 03 |
by a sharp border. The zigzag structures in the center of thez ,, [
sample are again created by domain structures in the iron
garnet film. A close look on the profile plotted below yields orr
an enhancement of the current density from 1.3 00| ez
x 10"t A/m? in the unmodified region to 1:910'* A/m? in ‘ ‘ ‘ ‘ ‘ ‘ ‘
the silver-sheeted region. This is an increase of about 50%. o9 50 100 150 200 250 300 350 400

In the following, a systematic study of this enhancement
of the critical current density as a function of the thicknesses G, 6. Enhancement |, of the critical current density in de-
ds of YBCO andd, of silver is performed to get a deeper pendence of the thicknesss of the silver layer. The different curves
insight in the origin of this effect. A first results shown in refer to different thicknesses of the YBCO film which are charac-
Fig. 5. The plot shows the relation between the absolute enerized in the inset in the top left. The “OA” numbers are produc-
hancement of the critical current density, and the inverse tion codes.
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the self-energy of the flux lines. Considering a partly per- coshd,¢&,)

turbed normal conductor-superconductor interface at the A=A\ 1 . (5
(x,y) plane one gets a spatially varying proximity length Wcosr{—(z—dn)}

&n(X,y). As a result one obtains a spatially varying self- n

energyE of the flux lines and therefore an additional pinning
force?! The next section introduces an appropriate mode|
that explains the experimental results based on a descriptid
which takes the so-called inhomogeneous proximity effect

E= f d3r

The entire energy of the flux line in the normal state now
5 given by

into account.

Proximity effect means that Cooper pairs penetrate from a
superconductor into a noble-metal layer with penetration 1 1
depths in the range of-100 nm?° The transition of the +m|(—ihv—2eA)\If|2+ 2—82}, (6)
Cooper pairs may be described by a transition probability #o
which is related to the microstructure of the superconductorWhereW¥ is the Cooper pair density in the normal conductor
normal conductotSN) boundary. It has been shown that the for B=0. Introducing¥ (r,z) andB=curlA into Eq.(6) the
resistivity of the SN boundary which is directly related to the vortex-line energy can be written as
transition probality has to be taken into account to describe ot
the proximity effect properly?> Due to precipitates and _ DWW ~
chemical inhomogeneities including surface roughnesses, E= A poh2 F(&n.x,W,dy), @)
this transition probability is modified in space leading to a ab
local variation of the flux-line energi(r). This leads to a With
pinning forcef,=dE,(r)/dr, whereE,(r) denotes the en-
ergy of vortices extending virtually in the normal conducting F(&,,k,W,d,) =& tanh(d, &)
silver film. The calculation oE, (r) is based on the ansatz of
Clent® for the order parametéP,

an(| 2= Wo|?)

5+1I W In2
g TaNWm

dn
W(r,z)=1f(r)g(z)e'?, 1) cosi(d,/&,)
where 1 1I W d, In2 8
X§+§n(K )+4_fn_T ()
r . .
f(r)= ——= 2 k represents the Ginzburg-Landau parametergqdis the
Vr2+ 2§§b London penetration depth of the superconductor. Details of

the calculation can be found in the Appendix.

Under the assumption that the wavelengtbf the fluc-
tuations of the transmission probabilityV|? is larger than
N\ ap the critical current density due to surface pinning is ap-

describes the radial distribution & (r,z) andg(z) the de-
pendence ofP parallel to the vortex line which is assumed
to lie perpendicular to the SN boundary. Fg(z) the ap-

proximation proximately given by
W z—d, 2 W2
2)=V¥ cos , 3 i — 270 max v
9=V o costidn /€y *( 3 ® Ajem™ B (e o )
is valid2* where¥, denotes the order parameter in the su-
. . : 1é&, dn) 1 dn
perconductor andlV describes the jump of the order param- 7 d—tan P H’-— . 9
eter at the SN boundaryW? corresponds to the transmission " " dscost(dn/£n)

coefficients of the Cooper pairs at the SN boundggys the  wheredWidr~4W,,,,/1, W,,.y, corresponding to the maxi-
proximity length in the normal conductor mentioned above. yym value of the transmission probability.

For a calculation of the vortex—lir?e energy the F:ircular Numerical results forAj. are presented in Fig. 7 as a
com_ponentA¢ of the vector po;entlal IS requ!red, which ac- function ofd,, with &, or W,,,,, as parameters. The supercon-
cording to Ref. 23 can approximately be written as ducting and microstructural parameters used for this calcula-

R() tion arex= k,p~100,\| = A,p~150 nm,§, as given in the
R(r)K1<—) plots, W,,~1/25%* and|~20 nm?® The numerically deter-
An(2) (4) mined critical currentd\j. due to pinning by the inhomog-
ﬁgab enous proximity effect are of the correct order of magnitude
\/EgabKl()\—(z)) of several 18 A/m2. Aj, increases linearly fod,< &, and
" approaches a saturation value > &,,. The saturation val-
with R(r)=\r?+ zggb and the penetration depth in the nor- ues increase with increasirgg linearly and with increasing
mal state, W,,, quadratically. A comparison with the experimental re-

— 0 _
A (r,2)= ooy 1
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2osl ] APPENDIX: LINE ENERGY
=
S The flux-line energyEg, that is relevant to obtain E¢8)
04r S e is now calculated explicitly. In a normal conducting region
o2t 1 Er, is given by
00 == 20 a0 400 500 60 700 800
(b) d, [nm]
ErL= Vd3r an(|W]?=|W¥ol?)
FIG. 7. Top: Aj. dependent ord, for different proximity
lengthsé, (W,,=0.04,Ax=20 nm). BottomA j. dependent on, 1 B2
for different transmission coefficient®V,, (£,=400 nm, Ax +—*|(—iﬁV—2eA)\If|2+2— . (A1)
=20 nm)[Eq. (9)]. 2m Mo

sults is shown in Fig. 8, where the experimental quantity‘_qf0|2 is the charge-carrier density without external magnetic
Aj.ds vsd, is presented. The theoretical curve was obtaineaIeld

for the following parameters: W,,=7.46x10 3, | 7 d
=27.1 nm. Furthermore, an additional tertj3, has been \PO:\I;BWCOS}a( n)eie_ (A2)
added to the proximity term which takes care of the micro- n

structural pinning at the degradated surface due to precipitas 4

tions and plasmaoxidation. The proximity length is estimated represents an independent bUt fixed phase. Note the line
from Fig. 8 to be¢,~350 nm, which is surprisingly large energy in the normal conductor is independent of the Landau
. n , .

In conclusion, we have investigated the influence of coefficientB. The line energy can be separated in three parts,

silver covering layer on the critical current of a YBCO thinathe condensation energy, the kinetic energy, and the field

film. With quantitative analysis of magneto-optical measure-*"€"Y:

ments we determined an enhancement of the critical current

density of silver-sheeted YBCO of up to 50% compared to Eri=Ey +EuintEs. (A3)
the unmodified material. The consideration of YBCO filmsOne obtains

of varying thicknesses suggests that the effect is caused by a
surface mechanism. An additional investigation on silver
covering layers between 30 and 300 nm proves the inhomo- E‘I/:f d3r oy (|2 = |Wo|?) (Ad)
geneous proximity effect and the related additional pinning v

force density to be the origin of the enhanced current density.

A detailed calculation of the spatial variation of the flux-line for the condensation part,

energy is able to explain the experimental data properly.

1
Exin=—"| d3|(—iAV—2eA)¥|? A5
The authors are grateful to T. Dragon for technical assis- KN o fv I i (A5)

tance and to U. Sticher and H.-U. Habermeier for the prepa-
rations of the films. for the kinetic part, and
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2 —d,
Eg= f d% B2 A6 - B| f 32
5= 2000 (A6) Exin drw2costt| L %
for the field part. In the following all three parts are consid- K2 R
ered to be separated from each other. 5;4/ 1 )\—n

+ (A14)
(I'2+ 512/)3 2,2 év
1. Condensation energy &Ky )\_n

In a first step the condensation energy shall be calculated; 44y integration together with the recursion formula for
the MacDonald functions Ksimplify Eq. (A14) to

- | ran(wiz=wop a7 ; .
v 2 K3l = 2Kl =
_ ¢O f n 0 )\n )\n 1
The radial part of the order parameter is approximately given “" 8w uoJo ool €v &) 2a2
by Welct® with AnK1 X, EuhnKa| 3=
(A15)
1£(r)|2=1—e"éw, (A8)

3. Field energy
&w is slightly larger thany2¢,, and gives a value for the  The last contribution is the magnetic-field energy. After

flux-line extension. By use o¥, ¥, and andr integration one obtains
&
h? ) Kg(_v
an= 2 (A9) $o fdn 1 An
2m* Eg=c—"| —| 1-—F— Al6
gW B 87T/~LO 0 )\2 Kz( gv) ( )
2 22
in Eq. (A7), ¢ andr integration yields An
2wh2|\PB|2W2 —d, 4. z integration
Ey=—""—"1—"" ZCOSH)’ e | (A10) The remaining problem is now the integration of the
4m 0 n sum of all contributions,
The introduction of\,, the penetration depth in the normal £,
state, simplifies Eq(A10) to b2 [ 2Ko| 3~ 3
0 n n
FL:—J +— . (A17)
877/"‘0 0 gV
¢0 n 1 f 7\ Kl
Ev=g— f dz—. (A11)
Ko A This is an integral that cannot be solved analytically. There-
fore we have to introduce approximations for the MacDonald
2. Kinetic energy functions. The quotiené,,/\ ,, is of the order of 102 for

Th lculati f the Kineti ith th di YBCO and with W< 102 the arguments of the MacDonald
e calculation of the kinetic energy starts with the modi-¢,tions are very small. This leads to the first-order terms

fied Eq.(A5),
A
1 Ko %)Hln(f_n)’
Ekm=—f d3r[A2 V|2 " !
2m* Jv
o (A18)
+2iefiA(V* VI — WV I*) + 48242 |2]. N, &

(A12)  Equation(A17) can be substituted by

With A,(r,z) and the ansatz for the order parameter, ¢oW2
Er = j dzcost| 2 )
47T,LLO B &n
W(r,2)=Wee¥ Wi r(z_d“) (AL3) 3 d
r,z)=v¥ge'Y——=Wcos , 7—
SN ey & X{——In i Wcos)'( n)” (A19)
4 )\B gn
writing &, for \/§§ab one obtains using\, from Eg. (5).
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With partial integration and the substitutiasz—d,, /&, Summing up all results and reintroduciig, the transmis-

we can write sion coefficient,£&g~¢,//2, the coherence length aned
5 =\g/&g, the Ginzburg-Landau parameter, the line energy of
B PoW? &, [2d,) d, a flux line in a normal conductor perpendicular to a super-
FL_47W0)\§ 25N & * o conductor interface, can be written as
2\7 /2
W d,\(5 In2
X Z—“"I )\—BWCOSY{S—n +m ?Slnh FL 477.,“0)\é n fn 8 4
2d W2, (0 L
x( ")—dn}ﬁﬁo—ggj dzztanh(z). d, (1 In2 d2
€n 87 uohEJ ~dn b [
H(d") 8 4 4t ﬁ(d”)
cosit| — cosh| —
(A20) & g
The integral overtanh§) remains. An approximate solu- &, d, d, P
tion of the integral can be given by + —tan!-(— +———F | In| =
2 gn H dn W
0 . ~ 1/d,\2 2cos z
f dzztanr(z)~—<—> : (A21) ¥
~dy /&y 21 &n (A22)
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