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Current-density inhomogeneity throughout the thickness of superconducting films and its effect
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We calculate the distribution of the current densgityn superconducting films along the direction of an
external field applied perpendicular to the film plane. Our analysis reveals that in the presence of bulk pinning
j is inhomogeneous on a length scale of the order of the intervortex distance. This inhomogeneity is signifi-
cantly enhanced in the presence of surface pinning. We introduce a critical state model, which takes into
account the current-density variations throughout the film thickness, and show how these variations give rise to
the experimentally observed thickness dependengeanid magnetic relaxation rate.
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[. INTRODUCTION Another explanation of the observed thickness depen-
dence of the current density may be based on collective pin-
The magnetic behavior of type-ll superconductors de-ing in a two-dimensional2D) regime, i.e., for longitudinal
pends strongly on the sample shap®Significant progress correlation length_ larger than the film thickness. This case
has recently been made in understanding the effects of ia carefully considered in Ref. 13. In a 2D collective pinning
sample aspect ratio on its magnetic behaVior,particular, ~ regime, the pinning is stronger for thinner samples. As a
in the case of thin films with the magnetic field normal to theresult, in this model both the critical-current density and the
film plane (“perpendicular geometry):®® Theory™ and  creep barrier are larger in thinner samples, contrary to the
experimenrtt® show that the magnetic behavior in the perpen-experimental results. Also, this scenario is probably not rel-
dicular geometry has many distinctive features, essentiallgvant for the explanation of the experimental data discussed
different from the parallel geometry, e.g., a more compli-below, because the thickness of our filds 800 A is larger
cated structure of the critical state and the presence of gethanL~40- 100 A.
metrical barriers. In order to understand the experimental results, we calcu-
A number of elegant analytical solutions for the perpen-late the current density and magnetic induction distribution
dicular geometry (for strips and disks describe the by using the “two-mode electrodynamics” theory suggested
Meissnel; the mixed stateé;® and magnetic flux creep. earlier to explain the ac response in bulk materfalZhe
These solutions are based on the important ansatz that omgsence of this theory is that two length scales govern the
can treat the film as an infinitesimal thin plane. Then, currenpenetration of fields and currents into type-Il superconduct-
distribution related to vortex bending does not influence theors. The longer scale is of electrodynamic origin and, there-
results of the analysis that deals only with the current densityore, is more universal: it exists, for example, in a supercon-
and the vortex displacements averaged over the film thickeluctor in the Meissner statghe London penetration depth
ness. This approach was very successful in explaining ther, in a normal conductaithe skin depth The shorter scale
peculiarities of the current density and the magnetic inducis related to the vortex-line tension, so it is unigue for a
tion distribution across the film plane. However, this ap-type-1l superconductor in the mixed state. This scale was
proach cannot account for atlyickness dependenoé both  introduced into the continuous theory of type-Il supercon-
persistent current densify(Refs. 6 and 9—12and magnetic ductors by Matheiu and Simbh(see also Refs. 17 and )18
relaxation rat&"2in thin films. When applying the two-mode electrodynamics to the critical
Explanation of the observed decreasejofvith the in-  state one may ignore the time variation, i.e., the two-mode
crease of the film thickness is usually based on the idea electrodynamics becomes théwo-mode electrostatics
that pinning on surfaceperpendicularto the direction of theory.
vortices is strong enough and must be taken into accbit. Our analysis of a type-Il thin superconducting film within
However, as we demonstrate below, this is not sufficient fothe two-mode electrostatics theory leads to the conclusion
understanding the thickness dependence of the magnetic riwat for strong enough bulk pinning, inhomogeneity of the
laxation rate, which was found to decrease with the increaseurrent density becomes important, even in the absence of
of the film thicknesg*2 surface pinning, if the film thickness exceeds the Campbell
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penetration depthc. Thus, inhomogeneity of the current arises from the balance among four ternig:the friction
distribution throughout the film thickness igd#stinctiveand  force proportional to the friction coefficient; (ii) the homo-
inevitable feature of the perpendicular film geometry like, forgeneous, linear elastic pinning fored (i.e., assuming small
example, the geometrical barrielhomogeneity of the cur-  displacementsi); (iii) the Lorentz force proportional to the
rent distribution is significantly enhanced if the critical statecurrent densityj; and (iv) the vortex-line tension forcghe

is supported by the surface pinning. In this case, most of théast term on the right-hand side of E@)], taken from Ref.
current is confined to a layer of a depth of the order of thels.

intervortex distance, which is usually much smaller than the In the parallel geometry,d— <), vortices move without
London penetration depthand film thickness. As a result of bending so that th& componenB, is absent, and the Max-
this inhomogeneity, theneasuredaverage critical current well equation becomesj, /c=—dB,/Jx. SinceB, is pro-
density becomes thickness dependent. This current inhom@ortional to the vortex density, this current may be called a
geneity also causes a thickness dependence of the magnetiiffusion current The case of the perpendicular geometry
relaxation rate. In the following we present detailed calcula{d<w) is essentially different: the diffusion current is small
tions of the distribution of the current densjtynd induction  compared to théending currenvB,/Jz (see the estimation
field B in thin type-ll superconducting film, resulting from below) and may be neglected for calculation of the distribu-
surface and/or bulk pinning. We then introduce the first criti-tion throughout the film thicknes&@long thez axis). As a

cal state model that takes into account the variatiorj in result, Eq.(3) becomes

throughout the film thickness. Calculations based on this

critical state model lead to a thickness dependengeand u ®, B, D, .U
magnetic relaxation rate. These predictions are compared WEH(UZEE yp. *—2.
with the experimental data. 9z

®

Equations(1) and (5) determine the distribution of the dis-

Il. THEORY placementu(z) and of the in-plane magnetic induction
A. Equations of e|ectr0dynamics for the mixed state BX(Z). Th|S alSO y|e|dS a diStribution Of the current density
in perpendicular geometry (4mlc)jy(2)=0By(2)/dz. But these equations are still not

closed, since the two components of the magnetic induction,
Bx andB,, and current density,(z) are connected by the
Biot-Savart law. However, neglecting the diffusion current in

lied al h , dicul he fil | h the Maxwell equation we separate the problem into two
plied along thez axis, perpendicular to the film plane. The parts:(1) determination of the distribution of fields and cur-

vortex densityn is determined by the componeng, ofthe  ronts along the axis, taking the total currerit,=cB;/2m
average magnetic fieldmagnetic. inductionB in the film: [here BS=B,(z=d)] and the perpendicular magnetic-
n=B,/®,. Supercurrent of density(x,z) flows along they jnqyction componenB, as free parameters?) determina-
axis resulting in a Lorenz force in the direction, and a o of the parameterk, and B, using the Biot-Savart law.
vortex dlsp_lacemem along thex axis. ) .. The latter part of the problersolution of the integral equa-
We begin with the electrodynamic equations describingion given by the Biot-Savart lawhas already been studied
the mixed state of type-Il superconductors in such a geoMgarefully in previous works? In the present work we con-
etry. They include the London equation for th@omponent  centrate on the analysis of the distribution of fields and cur-
of the magnetic field rents throughout the film thicknesg ependencde
’ The accuracy of our approach is determined by the ratio
J"Bx _ 5_“ (1) of the diffusion currentdB,/dx to the bending current
972 ‘oz’ dB,/dz, since we neglect the diffusion current contribution
to the total current. Suppose, as a rough estimation,Bhat
~B,.°> Then, the diffusion current density is roughly
Am B, 4B, ~1y/w, whereas the bending current density4$y/q.1'3'5’7
(2)  Thus, the ratio between the diffusion and the bending current
is approximatelyd/w~10"3+10* for typical thin films.

Let us consider a thin superconducting strip, infinitely
long in they direction, with width 2v (—w<x<w) and
thickness 2 (—d<z<d). External magnetic fieldH is ap-

B,—\?

the Maxwell equation

FRAAS

and the equation of vortex motion Note that this condition does not depend on the magnitude of
the critical current and is well satisfied also in typical single
au d, D, _u crystals, whered/w~0.01+0.1. Therefore, the results we
775+ku= ?jy-i- EH* — 3 obtain below hold for a wide range of typical samples used
0z in the experiment.
where
B. Two-mode electrostatics: Two length scales
H* = %o In@ (4) Let us consider the static case when vortices do not move,
4N Te hence there is no friction. Then, E¢) becomes

is a field of order of the first critical fieldH.;, ag D B D 24
=®,/B, is the intervortex distance, amd~ ¢ is an effec- ku= —2 X4 Oy« 2= (6)
tive vortex core radius. The equation of the vortex motion Am 9z Am - 572
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Excluding theB, component of the magnetic induction from
Egs. (1) and (6) we obtain the equation for the vortex dis-
placement:

2

\2 J°u J°u J*u
972

+(H* +B,)—; —\2H* — =0.
( Z)&zz oz*
(7)

The two length scales that govern distributions overzhe
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1. Surface pinning

Let us consider the case of surface pinning in the absence
of bulk pinning k=0), when the Campbell lengthg—
[see Eq.(9)]. By “surface pinning” we understand pinning
due to surface roughness on the surfgmapendicularto the
vortex direction. The surface roughness is assumed to be
much smaller than the film thicknesls By substituting ¢
— o in the general solution Eq10), we derive the displace-
ment for surface pinning:

axis become evident if one tries to find a general solution of

Eq. (7) in the form B,~u~exp(pz). Then, the dispersion
equation forp is biquadratic and yields two negative values
for p2. In the limit k<47\?/®y(H* +B,) (weak bulk pin-
ning):

2 1 B 1 H*+B,
pl__"ﬁ__ﬁ H* ’ (8)
) 1 47k

p>= - 9

A2 Do(H* +B,)

Thus, the distribution along theaxis is characterized by
the two length scales: the Campbell length, which is the

electrodynamic length, and lengkh given by Eq.(8), which
is related ton and the vortex-line tension.

C. Current density and field distribution

In order to determine distribution of currents and fields
throughout the film thickness, one must add the proper

boundary conditions to the general solution of Ef. We
look for a solution which is a superposition of two modes. In
particular, for the vortex displacement we can write

z z
u(z)=ugcosh— +u;cosh-. (20
0GOS+ Uycosty
Using Eq.(6) one has for the current density:
4w 9By B Ug z H* U, h%— 11
ij—E’v Z)\—éCOS@; ?COS)\. ( )

The total current is

AT oB(d)=28, sinh — 2k Ysinte . (12
<= L(d)= Z)\—Csmryc Tsm)\. (12

Equation(12) is in fact a boundary condition imposed on the
amplitudes of two modesj, andu,;. The second boundary

u(z)=up+ ulcosh;—, (14
where uy and u; are constants, which can be determined
from the boundary conditions Egd.2) and(13). Note, how-
ever, thatug is not important in the case of surface pinning,
because the constany does not affect distributions of cur-
rents and fields.

The magnetic field, is obtained from Eq(6):

B,(2)= — H* sinh> (15)
Z)=— —=Sinnz,

) NTOX

and the current is determined from the Maxwell equat®n
neglecting the diffusion current:

Cc
=———H

4 (16

. L U1 h%—
] =-cosh.
Y XX

It is important to note that the characteristic length
which varies between the London penetration lengtand
the intervortex distancag~ \®,/B,, is much smaller than

\ for a dense vortex arra,>H?*. Taking into account that
usually thin films have thickness less or equal to, 2he
effect of the vortex bending due to surface pinning may be
very important: most of the current is confined to a thin
surface layer of width.

The current density on the surface jg=j,(z=d)

— (cl4)H* (uy /N?)cosh@/N). Thus,

4
c

X%
U= EE——

4 17
H* coshz
A

The total current integrated over the film thickneskig

c u, . d . d
——H* —sinh==2\janh.
27 XX X

(18

d
ly= fﬁdjy(z)dz:—

condition is determined by the strength of the surface pin- o .
ning. If displacements are small, the general form of thisThus, theaveragecurrent densityj,=1,/2d—the quantity

boundary condition is

Ju
au(xd)x—

0:
9Z|_

13

wherea=0 in the absence of surface pinning ame-o in
the limit of strong surface pinning. In the following parts of
the section we consider these two limits.

derived in the experiment—decreases with thickness as

A d
—tanhz,

gtank (19

Ja=]s

yielding j,=j.\/d for X/d<1 as found experimentalf}.

The field and the current distribution over the film thick-
ness are
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z z i (2)/
cosh:  cosh -Jy( Mo
PO — (20
Z)=—=——=j—,
Iy 2 d sy
sinh= cosh-
A A R
. Z . Z
sinh= sinhz
B 27T| N 4w L A -
x(z)__y' d_T]s d- ( )
sinh= cosh-
A N

Thus, the current penetrates into a small deptand is ex-
ponentially small in the bulk beyond this length.

2. Bulk pinning

10  -05 0.0 0.5 1.0
z/d

A remarkable feature of the perpendicular geometry is FIG. 1. Current-density distribution vs normalized deptti for
that, even in the absence of surface pinning, vortices arte indicatedd/\ ratios. The current distribution becomes more
bent. This is in striking contrast with the parallel geometryinhomogeneous as the ratid\ . increases.
where the diffusion current distribution is homogeneous
along the direction of vortices and, therefore, does not bendvhere againj, is the current density on the film surface.
them. Absence of surface pinning means that at the surfadeemarkably, current density is inhomogeneous even in the
duldz=0 (a vortex is perpendicular to an ideal surface absence of surface pinning. We illustrate this in Fig. 1, where

This yields the relation betwean, andu, [see Eq.(10)]:

Then, Eq.(12) becomes

T o84 HY) sinh 22
o= (B, )xcsmhA—c- (22
The current distribution is
z e
COoS
U Coerle H* X
Z = —_— — —_—
by I 2hc H* +B, sin d  2X H*+B, ,hg
|’YC sin <
(23
In the limit d<A: Eq. (23) yields
Z
cosh
iv(z)=1 BZ+1 H (24)
Z)= - -
WE™M 2d e ig, A e +B, d
smhi

we plotj(2)/], vs z/d at different ratiosd/\ . “Uniform”
bulk current densityj,=1,/2d corresponds to the limit
d/Nc=0. Physically, such current profiles reflect Meissner
screening of the in-plane compond of the self-field.

For the average current density we have

. Ac_d 26
Ja_JSFtanrrC! ( )

which is similar to the case of the surface pinning, E),

with X replaced by\c .
Thus, in the perpendicular geometry, the current distribu-
tion is strongly inhomogeneous: the whole current is con-

fined to a narrow surface layer of width (surface pinning
or A¢ (bulk pinning.

D. Critical state

In the theory given in the previous sections we have as-
sumed that currents and vortex displacements are small. In
this section we deal with the critical state when the current
density equals its critical valug,. Let us consider how it
can affect our picture, derived in the previous sections for
small currents.

1. Surface pinning

If vortices are pinned only at the surface, the value of the

Another interesting case is that of the dense vortex arraygtitical current depends on the profile of the surface, and one

B,>H*:
z z
N cos@;_. cos@;
e d ST av
smI’rC cosl’;;

Iy(2)= (29

may not use the linear boundary condition imposed on the
vortex displacement, Eq13). However, thez-independent
vortex displacemeni, does not influence the current density
and field distribution in the bulk as shown in Sec. Il Cske
Egs. (15 and(16)]. Therefore the bulk current density and
field distribution derived from our linear analysis can be used
even for the critical state.
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FIG. 2. Vortex energy(per unit length in the vicinity of the
pinning center of radius, .

2. Bulk pinning

In this case our theory must be modified for the critical
state. In particular, for large currents the bulk pinning force
becomes nonlinear and, as a result, the current and field pen-
etration is not described by simple exponential modes. For-
mally, this nonlinearity may be incorporated into our theory
assuming al-dependent pinning constaki thus allowingk
to vary along the vortex line. As an example, let us consider -r————-
the case of strongly localized pinning force when the vortex L
is pinned by a potential well of a small radiug like that
sketched in Fig. 2: the vortex energy per unit lengtbrtex- 2d
line tension is given bye for vortex line segments outside
the potential well and by, for segments inside the well. -1———

L

Thus, the pinning energy per unit lengthds-¢q. In fact,

such a potential well model may describe pinning of vortices

by, for example, one-dimensional columnar defects or planar
defects, such as twin or grain boundarig€’ The latter is (b)
relevant in thin films obtained by usual method of laser ab- o ] ]
lation. Therefore, we can also use such a pinning potential as F!C: 3. (@ Vortex depinning by a uniform currentb) Simple

a rough qualitative model for typical types of pinning Sites,.scenano gf vortex depinning by nonhomogeneous current flowing
in order to illustrate the effect of bulk pinning on the currentin @ layeri.

density distribution and the rate of magnetic relaxation in | | )
thin films. pinning constank assuming thak= 0 for the untrapped seg-

If the current distribution were uniform, such a potential Ment anck=ce for the trapped one. The energy of the vortex
well would keep the vortex pinned until the current density!in€ in this state is determined by the line tensioag(de )
jy exceeds the critical valug(e —&,)/®or 4. The escape of and is given by
the trapped vortex line from the potential well occurs via

ormation of the untrapped circular segment of the vortex E=2s¢ —2goL—2— I Ltana

line [see Fig. 8)]. In this case, both the critical-current den- Cosx c

sity and the energy barrier for vortex depinning do not de- ®

pend on film thicknes¥’ =2Ltana| ssina— _°|y), (27)
But, in perpendicular geometry the current distribution is ¢

not homogeneous. In order to find it for the critical state, Weyyhere the contact angle is determined by the balance of

may use the following approach. The vortex line consists otne Jine-tension forces at the point where the vortex line
the trapped and untrapped segments as shown in B 3 meets the line defect:

The untrapped segment is beyond the potential well, there-
fore there is no bulk pinning force acting on it. This means €0

that the shape of this segment is described by (Bgwith cosy=—. (28)
k=0. Applying the theory of Sec. Il C 1, one obtains that the
total currentlyzf‘idjy(z)dz is concentrated near the film

surfaces within a narrow surface layer of widhInside the
surface layer the vortex line is curved, but has a straight We now discuss the effect of current-density distribution
segment of length. outside the layer, as illustrated in Fig. on the thickness dependence of magnetic relaxation. We first
3(b). As for the vortex-line segment trapped by the potentialshow below, that uniform current density cannot explain the
well, we assume that it is straight and vertical, neglecting itexperimentally observed thickness dependence. We also
possible displacements inside the potential well. Formallyshow that the inhomogeneous current density distribution,
speaking, our approach introduces a nonhomogeneous bulkesulting from the surface pinning only, also cannot explain

I1l. MAGNETIC RELAXATION
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the experimental data. We demonstrate that only presence of
a bulk pinning and the resulting current inhomogeneity may
lead to an accelerated relaxation in thinner films. We finally
discuss the general case when both bulk and surface pinning
are present.

As pointed out above, if the current distribution is uni-
form throughout the film thickness, a trapped vortex may 2d
escape from the potential welFig. 2) via formation of a
circular segment of the vortex lindig. 3a)], with the en-

ergy

Do
EZSL_SoLO_ ?Jys, (29)

whereL andL, are the lengths of the vortex line segment
before and after formation of the loof,is the area of the
loop2%19if the loop is a circular arc of the radit® and the
angle 2x [Fig. 3@], then Lo=2Rsine, L=2Ra, and S .
=1R?(2a—sin2x), where the contact angle is given by 2d
Eqg. (28). Then,

_ . ®0 . 2 .
E=2R(ea—¢ggSina)— El yR(2a—sin2a)

:(Za—sinZa)(sR— %ijZ). (30) \ T / T

(b) potential wells

The height of the barrier is determined by the maximum

energy atRczsc/CDij: FIG. 4. (a) Barrier maximum configuration in the case of a

dilute pinning centers(b) Barrier maximum configuration in the

&2c case of the dense defects.
Ep=(2a—sin2a) —. (31
i 2®oly I Ce
. C .
As one might expect, this barrier and consequently the relax- Je=54 7~ T(bosma' (32

ation rate do not depend on the film thickness. We stress that

this estimation is valid only fod>R;. If d<R. the energy =~ The energy barrier is given by the maximum energydat

barrier is obtained from Eq30) by substitutingR=d. This =L +X~L when the whole vortex line has left the potential

case of uniform current, however, leads to a thickness indewell [Fig. 4(a)]:

pendent current density, and therefore cannot describe the

experimental data. E,—tana 2dssina—4d2%ja , 33

' A. Surface plnnlrfg _ where j,=1,/2d is the average current density. j{>],
In this case, the whole current is confined to the surface>jc/2, thendE,/dd<0, i.e., the barrier is larger for thinner

layer of widthx. It is apparent from Eq(9) that for typical  films. But, for j,<j./2 the derivativedE,/3d>0, and the

experimental fields€1T) X is smaller than the film thick- barrier increaseswith the increase of the film thickness.

ness. This means that current flows mostly in a thin surfacd hus, under this condition{<j/2) the magnetic relaxation
layer. Thus, all creep parameters, including the creep barriefate is larger in the thinner samples. -
are governed by the total curreijt, and not by the average The above analysis dlg not tall,<e into account the p_055|b|I-
current densityl,/2d. Then, apparently, the critical current ity for dense defects. By “dense” we mean that the distance
density and the creep barrier are larger for thinner films!i from the neighbor potential well is less thaitanx [see
similar to the case of the collective-pinning effect mentionedFig. 4b)]. In this case the maximal energine barrier peak
above. Thus, also this scenario cannot explain the observed Smaller than the barrier calculated in E§3). Then the
accelerated relaxations in the thinner films. barrier energy is given by

B. Short-range bulk pinning Ep=r| 2esina—4d ?J—a . (34)
Let us consider the relaxation process for a critical state
supported by the short-range pinning force discussed in Setn this casedE,/dd<<0 and the energy barrier for thinner
Il D 2. The energyE of the vortex line is given by Eq27).  films is always larger. Therefore one can see faster relaxation
The average critical current density correspond&+00 and  in thinner films only if the films are so thin thatl
is inversely proportional to the film thicknegsee also Eq. <r;/tana and the energy barrier is given by E§3). From
(26)]: the experimental results shown below we infer that the aver-
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FIG. 5. Average persistent current densjtyas a function of FIG. 6. Time evolution of the average persistent current density
magnetic field aff =5 K for films of different thickness. ja at T=75 K for films of different thickness.

age distance between effective defegts 1000 A in agree- inhomogeneity must be taken into account or fiot the
ment with direct measurements using atomic force microsabsence of the surface pinnjn@he length\ can be esti-
copy. mated from the microwave experiments: according to Golos-
To conclude, if the average current density in thin filmsovskii and co-workerd )\Czlooo\/ﬁ A, where the fieldH
becomes small enough compared to the original critical curis measured in tesla. Fét=0.2 T this results il\c~450 A
rent density and if the films are thin enough, the relaxagibn or 2\-.~900 A, which has to be compared with the film
the same average persistent curréhpredicted to be faster thickness.
for the thinner films.

IV. COMPARISON WITH THE EXPERIMENT
C. General case

S . . . A decrease of the measured current density with an in-
In the simplified picture of the critical-state relaxation crease of the film thickness is reported in numerous experi-
outlined in the previous subsection, the total current was 10-12 i - . . o
- ) o mental works: This is consistent with the predictions
concentrated within a very thin layer of the width It was  given above for either surface or/and bulk pinning. Both pin-
based on the assumption that the pinning force disappeafing mechanisms predict similardlélependence of and it
when the vortex line leaves the small-size potential well;s therefore, impossible to distinguish between surface and
whereas inside the poten_tlal well the pinning force is veryp |k pinning in this type of measurements. Only the addi-
strong. As a result, outside the thin surface layers of thgona| information from the thickness dependence of the re-
width X the vortex line consists of two straight segments|axation rate allows the drawing of some conclusions about
[Figs. 3b) and 4. In the general case, the distribution of the the pinning mechanisms.
pinning force may be smoother and the shape of a vortex line  Magnetic relaxation measurements in films of different
is more complicated. In addition, interactions between thehickness are discussed in detail in Refs. 11 and 12. Using
vortices may modify the barrier for flux creep as well. How- excerpts from the data reported there we demonstrate an
ever, the tendency must be the same: the current confined igreement of these data with our theory.
a narrow surface layer drives the end of a vortex line away Measurements were conducted on fouix® mn?
from the potential well to the regions where the pinningYBa,Cu,0;_ 5 films of thickness &= 800, 1000, 2000, and
force is weaker and the vortex line is quite straight with the3000 A, prepared by the laser ablation technique on SyTiO
length proportional to thickness of the film if the latter is thin substrate$* All samples hadr.~89 K. The morphology of
enough. Therefore, the barrier height for the vortex jump ishe samples was examined by atomic-force microscopy
smaller for smalled. (AFM) technique and was found to be similar: the average
We also note that we do not consider an anisotropic casgrain size (1-50)x 10? A and intergrain distance 50 &or
and limit our discussion to isotropic samples. The effect ofy typical AFM picture of our samples, see Figc)lin Ref.
anisotropy on the barrier height was considered in detail in.2). The magnetic moment was measured as a function of
Ref. 19. In the presence of anisotropy the circular loop befield, temperature and time, using a Quantum Design super-
comes elliptic and the vortex-line tensiermust be replaced conducting quantum interference device magnetometer.
by some combination of vortex-line tensions for different  Theaveragepersistent current density was extracted from
crystal directions. These quantitative modifications are nothe magnetic hysteresis loops using the Bean model adapted
essential for our qualitative analysis. for our case:;j [A/cm?]=30M/da®, whereM[emdy] is the
Our scenario assumes that the current is concentrated negfeversible magnetic momend[cm] is a half of the film
the film surfaces. In general, width of the current layer mayihickness anda=0.5 cm is the lateral dimension. Figure 5
vary fromX to effective Campbell length. One may then shows the persistent current densitat T=5 K as a func-
expect anonmonotonoushickness dependence whag is  tion of the applied magnetic field. Apparently,j is larger
comparable withd. As we see, the Campbell length is an in thinner films. The same trend is found at all temperatures.
important quantity in determining whether current densityThese observations are in good agreement with @§s.and
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T T T V. SUMMARY AND CONCLUSIONS
100 sec

w
T

Based on the two mode electrostatics approach we built a
consistent theory of the critical state in thin type-Il supercon-
ducting filmsthroughout the film thicknes$Ve show that,

. irrespective of the pinning mechanism, current density is al-
ways larger near the surface, and decays over a characteristic

length scale, which is in betwean(of order of the intervor-
- tex distancgand the Campbell length:. The length scale
\ is determined by thefinite) vortex tension and by the
boundary conditions which force vortices to be perpendicular

jx 107 (A/cm?)
[N N

0 . ‘ to the surface of superconductor, whereas the Campbell
1000 ) 2000 3000 length \ ¢ is determined by bulk pinning potential.
thickness (/3\) Following this physical picture we conclude that

(a) Current density and magnetic induction in thin films in
BErpendicular field are highly inhomogeneous throughout the
film thickness. Surface pinning significantly enhances these
inhomogeneities.

(26). We note, however, that since the value jgfis not (b) Average current density decreases with the increase of
known, we cannot point out the dominance of pure surfacey;, thickness approximately asdl/

pure bulk or a mixed type of pinning. On the other hand, it is (c) Magnetic relaxation islowerin thinner films in the
unlikely that the observed thickness dependence is due tf?)llowing cases(1) In the absence of bulk pinning, i.e., only
changes in the density of pinning centers with thicknessg, e pinning is effective2) In the presence of bulk pin-
since the films” morphology is similar for all of our samples. iy “orovided that the ratio between thickness and distance

This is further indirectly confirmed by th? relaxati(_)n Mea- hetween neighboring defects is above a certain threshold
surements. The decrease of current density due to increase Ja~1)

a mean grain size in thicker films would simultaneously re- (d) Magnetic relaxation igasterin thinner films only if

sult in faster relaxatlon,. contrary tq our observations. bulk pinning is effective and the ratid/a is below this
Figure 6 shows typical relaxation curves lt=0.2 T threshold

(rrﬁlrln(ped dc_)rv;/ln from 1 .ﬂ— meazured n f|Im§, ?f dlffergnt h In the experimental data presented here the measured av-
thickness. The mtet[]estlniq ar;_ une?petcte_ ter?ture I?It Gétrage current, decreases with the increase of film thickness
curves cross, |.€., e refaxation Is taster in thinner-fimS 4 hredicted, and the relaxation rate is larger for the thinner

This is further illustrated in Fig. 7 wherevs d is plotted at films, suggesting that/a~1, and the effective distance be-
different times. At the beginning of the relaxation process,twee’n defects 1000 A '

the average current density in the thinner films is larger.
However, in the thinner films, the current density decreases
much faster than in the thicker ones; as a regutixhibits a
nonmonotonous dependence on thickness at later times, as

shown in Fig. 7. The faster relaxation in thinner films is in e thank V. Vinokur, E. H. Brandt, L. Burlachkov, E.
qualitative agreement with our results, discussed in Sec. llizeldov, and M. Golosovskii for useful discussions. This
in particular in Secs. Ill B and Il C. There, we find that such work was Supported in part by a grant from the Israel Sci-
acceleration of the relaxation in thinner films may be underence Foundation and the Heinrich Hertz Minerva Center for
stood only if we consider inhomogeneous bulk current denHigh Temperature Superconductivity, and in part by the
sity. In reality, it is very probable thatoth surface and bulk  German-Israeli Foundation under Grant No. 128-3-3/95. R.P.
pinning mechanisms lead to inhomogeneous current densiycknowledges support from the Clore Foundations. E.B.S.
with a characteristic length scale in between the st&t-  acknowledges a support by the Lady Davis Grant and thanks
face pinning length’X and the larger Campbell length. the Racah Institute of the Hebrew University for hospitality.

FIG. 7. Thickness dependence of the average persistent curre
densityj, at T=75 K taken at different times.
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