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Magneto-optical study of magnetic-flux penetration into a current-carrying
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The magnetic-flux distribution across a high-temperature superconductor strip is measured using magneto-
optical imaging at 15 K. Both the current-carrying state and the remanent state after transport current are
studied up to currents of 0.97I c where I c is the critical current. To avoid overheating of the sample current
pulses with a duration of 50 ms were employed. The results are compared with predictions of the Bean model
for the thin strip geometry. In the current-carrying state, reasonable agreement is found. However, there is a
systematic deviation—the flux penetration is deeper than theoretically predicted. A much better agreement is
achieved by accounting for flux creep as shown by our computer simulations. In the remanent state, the Bean
model fails to explain the experimental results. The results for the currentsI<0.7I c can be understood within
the framework of our flux creep simulations. However, after the currentsI .0.7I c the total flux trapped in a
strip is substantially less than predicted by the simulations. Furthermore, itdecreaseswith increasingcurrent.
Excessive dissipation of power in the annihilation zone formed in the remanent state is believed to be the
source of this unexpected behavior.@S0163-1829~99!13313-7#
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I. INTRODUCTION

Spatially resolved studies of magnetic-flux penetrat
into high-temperature superconductor~HTSC! films have
been extensively performed during the last few years. M
ern experimental techniques, in particular Hall micropro
measurements and magneto-optical~MO! techniques, allow
local magnetic-field distributions in various HTSC structur
to be investigated with rather high spatial resolution. As
result, a quantitative comparison between experimental
density profiles and theoretical predictions has become
sible. Most of the comparisons are done within the fram
work of the critical state model~CSM!.1 Based on this mode
theoretical calculations of the field distributions for ma
practical geometries have been carried out. In particular,
flux profiles in an infinite thin strip placed in a perpendicu
magnetic field or carrying a transport current are calcula
in Refs. 2–4. Most experimental studies of flux penetrat
~see, e.g., Refs. 5–8! are focused on the behavior of sampl
placed in an external magnetic field, as well as on the re
anent state after the field is switched off. The results app
to be in good agreement with experiment.

Meanwhile, we are aware of only a few papers devoted
the experimental investigation of the self-field of transp
currents.9–16 Unfortunately, these investigations do not allo
a simple comparison to the theory. Indeed, some
them9,12–16present results for samples of rather complica
geometry, e.g., for tapes. Others10,11 report results for cur-
rents much less than the critical currentI c .

The aim of this work is to study by MO imaging the flu
penetration into a strip with transport current. It seems m
PRB 590163-1829/99/59~14!/9655~10!/$15.00
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interesting to have the currentI as close as possible to th
critical one. To reach this aim one needs narrow strips wh
the critical current is not too large to be carried by conta
without their destruction. On the other hand, the wider
strip the better the relative spatial resolution of MO imagin
By optimizing both the strip’s width and other experimen
conditions we managed to obtain flux profiles both in t
current-carrying and remanent states with a resolution su
cient for comparison with theory.

In Sec. II the samples and the experimental technique
described. The results for flux profiles and reconstructed c
rent distributions are compared to the CSM in Sec. III. It
shown that the deviations are fairly small in the curre
carrying state. However, they are pronounced in the re
nent state after applied current. The main deviation is
deeper flux penetration inside the strip compared to pre
tions of the CSM. To understand the source of the deviat
we have carried out numerical simulations of the field a
current profiles, taking into account flux creep. The results
these simulations are discussed in Sec. IV. Creep appea
explain all the experimental results for the current-carry
state, as well as the results for the remanent state after
tively small currentsI &0.7I c . In the remanent state afte
large currents the experimental profiles could not be
plained either by the CSM or by flux creep. It seems th
thermal effects are responsible for this behavior.

II. EXPERIMENT

A. Sample preparation

Films of YBa2Cu3O72d were grown by dc magnetron
sputtering17 on LaAlO3 substrates. X-ray and Raman spe
9655 ©1999 The American Physical Society
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9656 PRB 59M. E. GAEVSKI et al.
troscopy analysis confirmed that the films werec-axis ori-
ented and of a high structural perfection. Several brid
were formed from each film by a standard lithography p
cedure. Their dimensions are 500311030.2mm3. To mini-
mize the temperature increase caused by Joule heating
contact pads were made as wide as possible. They are
placed to the side of the structure, allowing the MO indica
film to be placed as close to the bridge as possible. To p
vide low contact resistance they were covered with an
layer, and Au wires of 50mm diameter were attached b
thermal compression. The boundary resistance of
Ag/YBa2Cu3O72d interface was as low a
1023–1024 V cm2, while the area of one contact pad w
'0.25 cm2. The bottom of 500mm substrate was held at
constant temperature. Since the thermal conductivity
LaAlO3 is18 0.1 W/~cm K!, the temperature rise at the inte
face induced by Joule heating due to currents up to 6 A is
always less than 0.1 K. Thus, the resulting heating of
YBa2Cu3O72d bridge situated 500mm away from the contac
pads is negligible.

An initial selection of the structures having the smooth
surface, i.e., height of over-growth less than 3mm, was made
using scanning electron microscopy~SEM!. Next, bridges
with pronounced weak links,Tc inhomogeneities, and othe
defects which reduce the total critical currentI c were elimi-
nated by means of low-temperature SEM,19 in addition to
current-voltage measurements made by a standard four-p
scheme. As a result, the bridges used for the final invest
tions had a critical current densityj c larger than 106 A/cm2

at 77 K.

B. Magneto-optical imaging

Our flux visualization system is based on the Faraday
tation of a polarized light beam illuminating an MO-activ
indicator film that we place directly on top of the sample
surface. The rotation angle increases with the magnitud
the local magnetic field perpendicular to the HTSC film. B
using crossed polarizers in an optical microscope one
directly visualize and quantify the field distribution acro
the sample area. As Faraday-active indicator we use a
doped yttrium iron garnet~YIG! film with in-plane
anisotropy.20 The indicator film was deposited to a thickne
of 5mm by liquid phase epitaxy on a gadolinium galliu
garnet substrate. Finally, a thin layer of aluminum w
evaporated onto the film in order to reflect the incident lig
thus providing a double Faraday rotation of the light bea
The images were recorded with an 8-bit Kodak DCS 4
charge-coupled device~CCD! camera and transferred to
computer for processing. The conversion the gray leve
the image into magnetic field values is based on a car
calibration of Bi:YIG indicator response to a range of co
trolled perpendicular magnetic field as seen by the C
camera through the microscope~see also Ref. 5!. After each
series of measurements, the temperature was increased a
Tc and thein situ calibration of the indicator film was carrie
out. As a result, possible errors caused by inhomogeneitie
both indicator film and light intensity were excluded.

To avoid overheating of the HTSC bridges as the curr
approachesI c a specific experimental procedure was dev
oped. Short current pulses were applied and synchron
s
-

the
is-
r
o-
g

e

f

e

t

be
a-

-

of

n

i-

s
,
.

0

f
ul
-
D

ove

of

t
-
ed

with the camera recording as shown in Fig. 1. The transp
current with a rise time of 10 ms was applied 20–30
before an image was recorded. The exposure time was
ms, after which the current was ramped to zero in 10 m
After waiting another 20–30 s the remanent field distributi
was measured.

III. RESULTS AND COMPARISON WITH THE CSM

Throughout the paper we use the following notations;
Fig. 2. Thex axis is directed across the bridge, the edg
being located atx56w. They axis points along the bridge
and thez axis is normal to the film plane. Thez component
of the flux density is denoted byB. The profilesuB(x)u were
always measured for a fixedy in the central part of the strip
minimizing the effect of the stray field of the contact pad
Although the MO measurements give the distribution
uB(x)u, we could in the simple geometry under considerat
always determine the sign ofB by inspection of the images
We let J(x) denote the sheet current density defined
J(x)5* j (x,z)dz, where j (x,z) is the current density. Fo
brevity, we will often use the current density also forJ(x).
As the bridge thickness is much less than its width, the t
oretical results for the thin strip geometry3,4 are used below.
In our experiments, the bridge thickness is also of the or
of the penetration depthl; hence its magnetic properties a
fully characterized by the two-dimensional flux distributio
at the surface.

A. Current-carrying bridge

Flux density distributions for a strip carrying a transpo
currentI were measured for currents up toI 55.72 A. The
MO image for the currentI 54.16 A is shown in Fig. 2~b!.
Three profiles of the flux densityuB(x)u taken across the
strip are shown in Fig. 3. The profiles have maxima near
strip edges and a minimum in between. Actually, the left a
the right parts of the profiles correspond to induction of o
posite sign. As the current increases, Figs. 3~a!–3~c!, the

FIG. 1. Temporal profile of the pulsed transport current. T
exact time intervals of the MO image recording in the curre
carrying state and the subsequent remanent state are indicated
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PRB 59 9657MAGNETO-OPTICAL STUDY OF MAGNETIC-FLUX . . .
magnetic flux penetrates deeper and the flux-free Meis
region in the center of the bridge decreases in size.

The experimental MO data are interpreted in the fram
work of the CSM. As discussed in Ref. 5, one should
count for the finite distance between the sample and the
indicator film. The perpendicular magnetic fieldB at the
height h above the center of the bridge can be calcula
from the current density distributionJ(x) as5

FIG. 2. ~a! Sketch of the studied YBa2Cu3O72d bridge struc-
ture. ~b! MO image of flux distribution with the bridge in the
current-carrying state withI 54.16 A. ~c! MO image of flux distri-
bution with the bridge in the remanent state after the applied-cur
state shown in~b!. Two inner bright lines near the sample edg
represent the original trapped flux, and the outer bright lines re
sent penetration of the oppositely directed return field, while
dark lines between them correspond to regions of vortex-antivo
annihilation. Strong contrast enhancement was applied to the im
in ~c!.
er

-
-
O

d

B~x!5
m0

2pE2w

w x82x

h21~x82x!2
J~x8!dx81Ba . ~1!

HereBa is the external magnetic induction. The current de
sity distribution in a strip carrying a transport currentI can
be written for the Bean model as3,4

J~x!

Jc
5H 2

p
arctanSAw22a2

a22x2 D , uxu,a,

1, a,uxu,w,

~2!

where a5wA12(I /I c)
2, and I c52wJc is the critical cur-

rent. As Eqs.~1! and~2! yield a symmetricuB(x)u profile we
find it necessary to account also for the stray field of
contact pads in order to reproduce the slight asymmetry
the uB(x)u data. The current in the pads produces near
central part of the bridge a magnetic field which acts as
additional external field varying slowly in space. This allow
us to employ the results of the CSM for the case of a tra
port current superimposed by a weak external magn
field.21 According to this theory,3,4 the current density distri-
bution, Eq.~2!, is modified to yieldJ(x)5Jc at x within the
intervals (2w,p2a),(p1a,w), and

nt

e-
e
x
ge

FIG. 3. Profiles of the perpendicular magnetic field produced
a distanceh58 mm above the bridge carrying transport curren
Symbols show the experimental data~only 1/5 of all measured
points are shown!, and the solid lines represent CSM calculatio
from the Eqs.~3! and ~1!. I /I c50.13 ~a!, 0.53 ~b!, and 0.97~c!,
whereI c55.9 A.
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9658 PRB 59M. E. GAEVSKI et al.
J~x!

Jc
5

1

pS arcsin
~x2p!~w2p!2a2

a~w2x!

2arcsin
~x2p!~w1p!1a2

a~w1x! D11 ~3!

for p2a,x,p1a. Here

a5
w

cosh~Ba /Bc!
A12S I

I c
D 2

, p5w
I

I c
tanhS Ba

Bc
D ,

Bc[
m0Jc

p
.

Profiles ofuB(x)u calculated from Eqs.~3! and~1! are shown
in Fig. 3 by the solid lines. HereI c and h are parameters
determined by fitting the CSM profiles to experimental da
The valuesI c55.9 A andh58 mm yield the best fit for
the profiles measured at all currentsI. Note that I c has
the physical meaning of the critical current for the CS
model, at which the magnetic field fully penetrates t
bridge.

One can notice in such experiments and e.g., in Fig. 3~b!
that the experimental penetration of the magnetic field
deeper than the CSM prediction. This characteristic de
tion can be accounted for by introducing flux creep, as w
be discussed in detail in the next section.

With h being a known parameter one can also direc
determine the current distributions across the strip,J(x),
from the experimentalB(x) profiles. This can be done on
model-independent basis according to an inversion sch
developed in Ref. 5. Since the accuracy of the inversion

FIG. 4. Distributions of current density in the current-carryi
strip. Symbols show the distributions inferred from experimen
data using Eq.~4!. The predictions of the CSM, Eq.~3!, are shown
as solid lines.I /I c50.13 ~a!, 0.53 ~b!, and 0.97~c!, where I c

55.9 A.
.
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limited by the distanceh, we chose a step size along thex
axis close toD5h/2. Specifying the coordinates in units o
D, i.e., x5nD, x85n8D, andh5dD, and applying a Han-
nig window filtering function one obtains5

J~n!5(
n8

n2n8

m0p S 12~21!n2n8epd

d21~n2n8!2

1
@d21~n2n8!221#@12~21!n2n8epd#

@d21~n2n811!2#@d21~n2n821!2#
D B~n8!.

~4!

The current density profiles calculated from experimen
B(n) data using this formula are shown in Fig. 4. The figu
also shows the results obtained from Eq.~3! using the value
of I c determined by the fitting ofuB(x)u profiles. As seen
from Fig. 4, the experimental profiles trace all qualitati
features of the theoretical curves. In particular, the minim
in the current density near the bridge center predicted by
CSM can clearly be distinguished in all experimental curv
Moreover, the position of the minimum is found to b
slightly shifted towards negativex, a behavior in full agree-
ment with the theory when the effect of contact pad st
fields is accounted for.

As first pointed out in Ref. 5, the MO YIG indicators wit
in-plane anisotropy respond not only toBz but also to the
componentBx parallel to the film. In the data presented w
always made the proper corrections according to the met
suggested in Ref. 5.

To check the self-consistency of our inversion calcu
tions we integrated the current density overx. Indeed, the
total current was always equal to the transport current pas
through the bridge within an accuracy of 5%. Some dev
tions between experimental and theoretical current pro
slopes are seen near the sample edges where the theor

l

FIG. 5. Remanent profiles of the absolute value of perpendic
magnetic field at the distanceh58 mm above the bridge after ap
plying transport currentI 54.16 A. Dots, experiment; solid line
CSM, Eqs.~5!, ~1! with I c55.9 A; dashed line, flux creep simula
tions. A large amount of flux trapped near the bridge center is
strong contradiction with the CSM and can be explained by fl
creep. Experimental points in the regions where the parallel c
ponentBx(x) changes sign and the response of the indicator film
suppressed have been removed from the plot.
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PRB 59 9659MAGNETO-OPTICAL STUDY OF MAGNETIC-FLUX . . .
profiles are discontinuous. The observed smearing of the
rent profiles reconstructed from the induction data can
ascribed mainly to the discreteness of the points used in
inverse calculation and possibly slight structural imperf
tions near the very edge of the sample.

B. Bridge in a remanent state after transport current

When the transport currentI is switched off, the magnetic
flux in the inner part of the strip remains trapped. The ret
field of this trapped flux will remagnetize the edge regions
the strip and the flux of opposite sign penetrates an outer
As a result, the measured remanent distributionuB(x)u
should display two peaks in each half of the bridge: o
representing the maximum trapped flux and another near
edge indicating the maxima in the reverse flux. In this os
l
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latory flux profile typical values ofuBzu are significantly
lower than in the current-carrying state. Thus, MO stud
become substantially more difficult in the remanent sta
and flux profiles with reasonable signal-to-noise ratio w
recorded only after relatively large transport currentsI
.0.6I c53.68 A.

The MO image of the flux density distribution in the rem
anent state after switching off a transport current of 4.16 A
shown in Fig. 2~c!. Figure 5 shows the flux density profil
taken across the strip in this remanent state. It can be s
that there are large maxima of trapped flux in the center
the bridge. Also, the weaker maxima of reverse flux are v
ible near the edges. In the figure we have removed the
perimental points corresponding to the regions where
MO image is governed by a disturbing zigzag domain patt
in the indicator film. This occurs whereBx changes sign.

The current distribution derived from the Bean model f
the remanent state is3,4
J~x!

Jc
55

2

pFarctanSAw22a2

a22x2 D 22arctanSAw22b2

b22x2 D G , 2a,x,a,

12
4

p
arctanSAw22b2

b22x2 D , a,uxu,b,

~5!
er
tarts

rly
us

en-
port

e

where a5wA12(I /I c)
2, b5wA12(I /2I c)

2, and I is the
maximal current. Atb,uxu,w the current density is equa
to 2Jc . The small contribution from the field generated
the contact remanent currents is here neglected.

The magnetic-field profiles calculated using Eqs.~5! and
~1! are shown in Fig. 5~solid line! together with the experi-
mental data. We used the same values forI c and h as ob-
tained by fitting results for the current-carrying state. E
dently, there is here a significant deviation between our d
and the CSM description. The main deviation is that
trapped flux maxima in the experimental curve are shif
towards the center. Again, this can be shown to be an ef
of flux creep as discussed in the next section. Another de
tion seen in Fig. 5 is that the maxima near the edges
hardly visible experimentally. This is most likely due to th
nonlinear response of the optical detection system wh
leads to a reduced sensitivity at low Faraday rotation ang
i.e., at small induction values. Another source of smearin
that the width of the maxima near the edges is comparab
the thickness of MO indicator film.

The experimental flux profiles in the remanent state a
large currentsI .4.16 show even more intriguing behavio
Figure 6 shows six remanent flux profiles across the ri
half of the bridge after applying currents ranging from 4.
A to 5.72 A. The observeddecreaseof the trapped flux with
increasingtransport current seems highly unexpected. S
a behavior definitely contradicts the CSM. To make a qu
titative comparison we have integrated the flux trapped in
band20.4w,x,0.2w, where the MO data are reliable. Th
dependence of the total flux on the current is shown in Fig
At small currentsI<4.16 A, the behavior is normal as th
-
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.

amount of trapped flux increases with the current. At larg
currents, however, the trapped flux levels out and even s
to decrease asI approachesI c . The solid line in the same
figure indicates the predictions of the CSM, which clea
shows a different behavior. Neither is the nonmonotono
behavior seen experimentally explained by flux creep.

FIG. 6. Experimental profiles of the absolute value of a perp
dicular magnetic field in the remanent state after different trans
currentsI: ~1! 4.42 A,~2! 4.68 A,~3! 4.94 A,~4! 5.20 A,~5! 5.46 A,
and~6! 5.72 A. Only the right half of the bridge is shown. Note th
unusualI dependence of the trapped flux: thelarger the current, the
smaller the density of trapped flux in the bridge.
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9660 PRB 59M. E. GAEVSKI et al.
Let us sum up the comparison with the CSM for t
current-carrying and remanent states. The general featur
the flux distribution in a strip with transport current predict
by the CSM are well confirmed by experiments. It should
noted that such a good agreement was achieved only by
ing into account a finite distance between the HTSC film a
the MO indicator, the additional field generated by cont
currents, and the influence of the parallel field componen
the properties of the YIG indicator. However, a general tre
of a deeper flux penetration compared to the CSM predic
can be traced. In the remanent state the deviations from
CSM are more pronounced, and experimental flux profi
after currentsI .0.7I c have qualitatively different shape. I
particular, the flux trapped inside the bridge can be sev
times greater than predicted and it depends on the previo
applied current in a nonmonotonous way.

Comparing the experimental results with the predictio
of the CSM we employed expressions~3! and ~5! based on
the Bean model. Thus, we assumed the critical current d
sity Jc to beB independent. We have checked the validity
this assumption by studying the penetration of an app
magnetic field into a bridge of the same geometry fabrica
on the same film. We could trace a rather weak depende
of Jc versusB only aboveB'200 G. For smallerB all the
results, including the results for the remanent state after
ternal field, were compatible with the CSM predictions, as
Ref. 5. Consequently, there is no reason to attribute the
viations observed in the transport current regime to aB de-
pendence ofJc .

IV. FLUX CREEP

The basic assumption of the CSM is that in the regio
where the local current densityJ is less than the critical one
Jc , the flux lines do not move. This assumption does
hold for any finite temperature because of thermally a
vated flux motion or flux creep. As a result, a small amo
of magnetic flux will penetrate into the regions withJ,Jc .
We suggest that this excess flux penetration is respons

FIG. 7. Flux trapped within the band20.4w,x,0.2w in the
remanent state after transport currentI as a function ofI. The band
corresponds to the reliable MO data shown in Fig. 5; the flux d
sity is averaged over the bandwidth. Dots: experimental res
Solid and dashed lines: CSM and flux creep simulations, res
tively. For I<4.16 A the experiment is in qualitative agreeme
with flux creep; however, for larger currents a striking steady
crease in trapped flux is observed.
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for the smoothening of the experimental profilesB(x) rela-
tive to the CSM profiles.

To verify this suggestion we have carried out compu
simulations of flux penetration into a strip in the flux cre
regime. Simulations of this type have previously proved
be very powerful in the analysis of flux behavior. In partic
lar, they have been used to analyze magnetization curves22,23

magnetic relaxation data,23,24 and ac susceptibility for vari-
ous geometries.25 Flux creep simulations have also been us
to explain features of the flux penetration into thin HTS
samples in an applied magnetic field.6,26 We present here
creep simulations to analyze the flux dynamics in a strip w
transport current and the subsequent remanent state.

A. Model

The motion of magnetic flux is governed by the equati

]B

]t
52

]

]x
~vB!, ~6!

wherev is the vortex velocity. The velocityv is assumed to
be dependent on the current densityJ and the temperatureT
as v5v0 exp@2U(J)/kT# where U(J) is the current-
dependent activation energy due to vortex pinning. Its dep
dence on the current density is extensively discussed in
literature; see for a review Refs. 27 and 28.

A conventional approach to the flux creep is based up
the linear~Anderson-Kim! relationU(J)5Uc(12J/Jcp) for
the pinning energy. Here we use the notationJcp for the
depinningcritical current density which is different from th
CSM critical current densityJc . The Anderson-Kim ap-
proximation is fairly good atJcp2J!Jcp . However, due to
low pinning energies in HTSC’s, the time dependence of
current densityJ appears very pronounced, and during t
time of experimentJ can reach values well belowJcp . As a
result, to describe experimental data one should take
account the nonlinear character of theU(J) dependence.27,28

The usual way is to express the pinning energy as a po
law function of the current density,U(J)}J2m. Such a de-
pendence follows from several theoretical models based
the concept of collective creep, the values ofm being depen-
dent on vortex density, the current, the pinning strength,
dimensionality.27 Since we are interested in the region of lo
fields, the valuem51/7 seems most appropriate, as it appl
to the case of a single-vortex creep at high current den
and low temperature.29 We use the expressionU(J)
5Uc@(Jcp /J)m21# for the activation energy. In such a no
malizationU(Jcp)50 andJcp retains the meaning of a de
pinning critical current. The current-independent factor
the vortex velocity equalsv0 exp(Uc /kT) wherev0 is a quan-
tity of the order of the flux-flow velocity.

The numerical integration of Eq.~6! was carried out by a
single-step method, similar to the one reported in Ref.
Having the field distributionB(x,t) at time t, we calculate
the corresponding current density distribution as3

J~x,t !5
2

pm0
E

2w

w B~x8,t !2Ba~ t !

x2x8
Aw22x82

w22x2
dx8

1
I ~ t !

pAw22x2
. ~7!

-
s.
c-

-



r
fo
n

th

te
u

w
is
e

m
im
ld
nd
la
-

t
n-
n
b

po

a
best

e
sity
s of
wn

the
,

om

the
l

g

rt

PRB 59 9661MAGNETO-OPTICAL STUDY OF MAGNETIC-FLUX . . .
Here I (t) and Ba(t) are the time-dependent total transpo
current and applied field, respectively. The expression
lows from the Maxwell law for the thin film geometry. The
the quantity]B(x,t)/]t is calculated from Eq.~6!. The new
distribution of the magnetic field is calculated asB(x,t)
1dB(x,t), wheredB(x,t)5dt(]B/]t). Here a time incre-
mentdt is chosen so thatdB(x,t)<dBmax50.0001m0Jcp for
any x. Then we come to the next step and so on.

There are two independent parameters in the model—
productv0 exp(Uc /kT) and the ratioJcp

m Uc /(kT). Unfortu-
nately, it seems very difficult to estimate these parame
from the literature because of a very large scatter in the p
lished values of the pinning energyUc for YBa2Cu3O72d .
We determine the ratioJcp

m Uc /(kT) by fitting the experimen-
tal flux profiles and estimate the quantityv0 exp(Uc /kT) from
a separate experiment on magnetic relaxation.

In the relaxation experiment the sample was cooled do
to 15 K in an external magnetic field of 100 mT, which
about 4Bc for our bridge. This high field ensures that th
remanent state is fully penetrated by the current.4,3 Then the
field was switched off and the time dependence of the re
anent field was measured by the MO technique in the t
window 101–103 s. From now on we focus on the peak fie
value B̄(t) observed in the central region of the bridge a
averaged along its length. Instead of presenting the re
ation of B̄ directly, we chose to plot the logarithmic deriva
tive ln(] ln B̄/]t) versusB̄m. The reason for this type of plo
is the following. As was shown in Ref. 23, the pinning e
ergy U(x) remains almost the same locally at any stage i
relaxation process. That is a feature of a self-organized
havior of magnetic flux which is a consequence of the ex
nential dependencev}exp@2U(J)/kT#. Since U is almost
constant,v varies also slowly in space, and therefore

]B

]t
'v

]B

]x
.

FIG. 8. On the determination of the flux creep parameters fr

the experimental MO data on magnetic relaxation.B̄(t) is the rem-
anent field in the central region of the bridge after switching off
external field 100 mT. The experimental dependence

(2d ln B̄/dt) vs B̄m with m51/7 is fitted by a straight line accordin
to Eq. ~8!.
t
l-

e

rs
b-

n

-
e

x-
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e-
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We can roughly estimate]B/]x asB̄/w. Moreover, in a fully
penetrated state]B/]x}J, and therefore,J}B̄. This ap-
proximation together with Eq.~6! yields

lnS 2
] ln B̄

]t
D' lnFv0

w
expS Uc

kTD G2
const

B̄m
. ~8!

The experimental quantity ln(2] ln B̄/]t) is plotted as a
function of B̄2m in Fig. 8. The experimental points show
nearly linear dependence, and the line representing the
fit is also shown. From the fit we obtainv0 exp(Uc /kT)
'1024 m/s. Assumingv0510 m/s ~see, e.g., Ref. 22! we
estimate the pinning energy asUc5(50–55) kT
'0.08 meV for T515 K which is a quite reasonabl
value.30 The other free parameter, the sheet current den
Jcp , was chosen to provide the best agreement of result
flux creep simulations with the experimental profiles sho
in Fig. 3. It is interesting to compare the chosen valueJcp
51.453103 A/cm with the critical sheet current densityJc
determined by fitting the same experimental data to
CSM. We found thatJc'0.37Jcp . For this current density
the effective barrierUeff5Uc@(Jcp /Jc)

m21# appears sub-

n

FIG. 9. Results of flux creep simulation forJ/Jcp50.26 A,
evolution of profiles of the magnetic field~a! and the current den-
sity ~b! in the strip plane for the time variation of the transpo
current shown in Fig. 1. Profiles~a! and~b! correspond to different
times marked as different points in Fig. 1.
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stantially lower thanUc , about 0.15Uc'8kT. It is worth
noting that variation ofm in the range 1/7–1/3 has a mino
effect both on the calculated profilesB(x) and on the relation
Ueff'8kT.

B. Results

Let us first discuss general results of flux creep simu
tions. The time evolution of the profiles of the current de
sity and magnetic field under applying and switching of
transport current with densityJ50.26Jcp is shown in Fig. 9.
The time dependence of the transport current was chose
shown in Fig. 1 in accordance with the experimental pro
dure. For simplicity, only the case of zero external field
considered. Since all the distributions are symmetric in t
case, we discuss the profiles for one half of the bridge.

The various curves in Figs. 9~a! and 9~b! correspond to
different times as marked in Fig. 1. The profiles~1!–~4! cor-
responding to current-carrying states are very similar to
ones expected from the CSM. It is interesting to note t
though the transport current did not change from the ins
1 to 2, the curves 1 and 2 in Fig. 9~b! differ substantially.
Though both can be described by CSM profiles, they co
spond to different values ofJc . In particular, the transition
from curve 1 to 2 corresponds toJc decreasing in time. The
time dependence of effectiveJc can be seen also from curve
3 and 4 for the remanent state after current. A possibility
interpret the experimental time evolution of magnetic fl
profiles by the CSM with time-dependentJc has been previ-
ously demonstrated in Ref. 31.

An additional feature of calculated profiles in the rem
nent state is a peak of ‘‘negative’’ current density located
far from the bridge edge~cf. Ref. 23!—see curves 3 and 4 in
Fig. 9~b!. The peak’s position corresponds to the annihilat
zone whereB(x) changes its sign. This peak is a direct co
sequence of the continuity of the flux flow. Indeed, in t

FIG. 10. Profiles of the absolute value of perpendicular m
netic field induced by transport currentI 50.75I c at the distanceh
58 mm above the sample. Dots, experiment; solid line, calcu
tions along the CSM, Eqs.~3!,~1!; dashed line, results of flux cree
simulation. It is clearly seen that the flux creep leads to a dee
penetration of flux comparing to the CSM, in agreement with
periment.
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region of low density of flux lines their velocity~determined
by the ratioJ/Jcp) should be large to keep the flux flow
continuous.

The dashed line in Fig. 10 is a result of our simulations
the magnetic field profile forI 50.75I c at t535 ms after
switching on the current. This time delay corresponds to
center of the plateau in the time dependence of the trans
current~see Fig. 1!; so it was the time when the MO image
were recorded. The profile was calculated from the simula
current distribution using Eq.~1!. In a similar way the flux
profile for the remanent state (t530 s) was calculated. The
result is shown Fig. 5. It is clear that flux creep provid
deeper penetration of the flux into the inner regions in agr
ment with the experiment.

For the current-carrying state, Fig. 10, the agreemen
fairly good except two minor discrepancies. First, the expe
mental peaks at the bridge edges are less than the ones
dicted both by the CSM and by our simulations. This is
rather general feature~cf. Ref. 5! which probably originates
from the finite thickness of the indicator film~in our case
5 mm), as well as from the imperfection of the edges. A
other discrepancy observed outside the bridge is obviou
related to contact currents. Indeed, Eq.~3! is based upon the
assumption that the external field is small21 and homoge-
neous. However, the field generated by the current in
contacts is actually inhomogeneous in thex direction, and far
from the bridge it is significantly different from the one in i
central part.

For the remanent states after currentI, the account of flux
creep provides good agreement with the experiments foI
<4.16 A, Fig. 5. However, at larger currents the experime
tal behavior of the trapped flux is qualitatively different. In
deed, both critical state and flux creep models predict m
notonous dependence of the trapped flux on the curr
Nonmonotonous experimental dependence can serve a
indirect indication that some nonequilibrium process is
sponsible for the flux distributions observed after large c
rents.

We believe that the formation of the remanent state a
very large currents is strongly influenced by heating effec
As is well known, energy dissipation due to vortex motio
facilitates more intensive motion. As a result, macrosco
avalanchelike flux redistributions32–36 ~flux jumps! can take
place. Unfortunately, the works we are aware of are focu
on flux jumps in the case of an applied magnetic field a
slab geometry. We believe that the case of a remanent s
in a strip after transport current requires special theoret
treatment. Furthermore, the flux motion obviously tak
place through narrow channels of weak pinning. Con
quently, the energy dissipation is substantially inhomo
neous, which should be taken into account in the estimate
local temperature. We plan special experiments, as wel
the proper theoretical analysis, as the subject of a fut
work.

To get a hint at why heating in the remanent state mi
be different from the one in the current-carrying state,
have compared the power dissipation. According to the e
mates, the power dissipation due to vortex motion is large
the current-carrying state. However, in the remanent s
there is an extra source for dissipation—vortex-antivor
annihilation. Due to this contribution, the total power dis
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pation in the annihilation zone can be larger than that in
current-carrying state. Consequently the remanent state
be more unstable with respect to temperature fluctua
that the current-carrying one. It should be noted that the
cial behavior of vortices in the vicinity of the annihilatio
zone in the remanent state has already been addressed
literature. The most unusual feature is the meandering i
bility of the flux front and its turbulent relaxation observed
very clean single crystals.37 Heat release in the annihilatio
zone is suggested as a probable explanation of this phe
enon. Another explanation is based upon the concept of
netic field concentration inside the bend of a current lin38

Furthermore, as discussed in Ref. 23, near the annihil
zone, the special behavior of flux creep can be expected
argued that under certain assumptions about theB depen-
dence of the pinning energy, the presence of the annihila
zone destroys the normal course of flux creep in the w
sample.

Another possible source of an instability might be an
ditional heat release in the contact pads. However, acco
to the estimate given in Sec. II A, the heat release in con
regions is negligible. This conclusion is confirmed by
fact that the bridge burn-out took place in its central par39

V. CONCLUSION

Measurements of the magnetic flux distribution in
HTSC strip with transport current, as well as in the reman
g
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state, were performed by the magneto-optical method. T
experimental results are compared with predictions of t
critical state model for a strip geometry and with comput
simulation of flux penetration in the flux creep regime. In th
current-carrying state, the agreement was satisfactory. Si
lation of flux creep predicts slightly deeper flux penetratio
than the CSM in agreement with experiment. In the reman
state after transport current, the CSM fails to explain t
experimental results. Our simulations of flux creep allow
to describe the flux profiles after relatively small currentI
<0.7I c . At larger currents the total trapped flux appears su
stantially less than predicted by the flux creep simulatio
and it decreaseswith increasing I. Excessive power dissipa
tion in the annihilation zone can be an explanation of the
experimental results.

Additional experiments and elaborated theoretical mod
for the remanent state are under development. We beli
that important information can be obtained from time
resolved studies of remanent state nucleation. The conditi
for the nucleation of macroscopic flux jumps is also a subje
for future theoretical investigation.
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