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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.B7wherel. 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 currer@s/l . can be understood within
the framework of our flux creep simulations. However, after the curfen3.7 . the total flux trapped in a
strip is substantially less than predicted by the simulations. Furthermatecriéasesvith increasingcurrent.
Excessive dissipation of power in the annihilation zone formed in the remanent state is believed to be the
source of this unexpected behavif$0163-18209)13313-7

[. INTRODUCTION interesting to have the currehtas close as possible to the
critical one. To reach this aim one needs narrow strips where
Spatially resolved studies of magnetic-flux penetrationth_e critical current is not too large to be carried by contacts
into high-temperature superconductddTSC) films have  Without their destruction. On the other hand, the wider the
been extensively performed during the last few years. ModStrip the better the relative spatial resolution of MO imaging.
ern experimental techniques, in particular Hall microprobeBY Optimizing both the strip’s width and other experimental
measurements and magneto-optitd) techniques, allow conditions we managed to obtain flux profiles both in the

local magnetic-field distributions in various HTSC structuresc_“”e?t'Carrying and re_n;]ar;]ent states with a resolution suffi-
to be investigated with rather high spatial resolution. As gC'€nt for comparison with theory. . .
In Sec. Il the samples and the experimental technique are

result, a quantitative comparison between experimental flu escribed. The results for flux profiles and reconstructed cur-
density profiles and theoretical predictions has become pog- i P

sible. Most of the comparisons are done within the frame-ent distributions are compared to the CSM in Sec. lll. It is

k. fthe critical stat P 46CSM) 2 Based on thi del shown that the deviations are fairly small in the current-
work of the critical state mo € . ). ased on this moae carrying state. However, they are pronounced in the rema-
theoretical calculations of the field distributions for many nani state after applied current. The main deviation is a

practical geometries have been carried out. In particular, thﬁeeper flux penetration inside the strip compared to predic-
flux profiles in an infinite thin strip placed in a perpendicular tions of the CSM. To understand the source of the deviation
magnetic field or carrying a transport current are calculategye have carried out numerical simulations of the field and
in Refs. 2—4. Most experimental studies of flux penetrationcyrrent profiles, taking into account flux creep. The results of
(see, e.g., Refs. 5)@re focused on the behavior of samplesthese simulations are discussed in Sec. IV. Creep appears to
placed in an external magnetic field, as well as on the remayp|ain all the experimental results for the current-carrying
anent state after the field is switched off. The results appeajtate, as well as the results for the remanent state after rela-
to be in good agreement with experiment. tively small currentsl<0.7.. In the remanent state after
Meanwhile, we are aware of only a few papers devoted t9arge currents the experimental profiles could not be ex-

the experimental investigation of the self-field of transporty|ained either by the CSM or by flux creep. It seems that
currents’~*® Unfortunately, these investigations do not allow thermal effects are responsible for this behavior.

a simple comparison to the theory. Indeed, some of
then?*2-1®present results for samples of rather complicated Il. EXPERIMENT
geometry, e.g., for tapes. Oth&t&! report results for cur-
rents much less than the critical currépt

The aim of this work is to study by MO imaging the flux  Films of YBa,Cu;O,_ s were grown by dc magnetron
penetration into a strip with transport current. It seems mosgputtering’ on LaAlO; substrates. X-ray and Raman spec-

A. Sample preparation
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troscopy analysis confirmed that the films weraxis ori-

ented and of a high structural perfection. Several bridges
were formed from each film by a standard lithography pro-
cedure. Their dimensions are 50010x 0.2um?®. To mini- 0.8 4
mize the temperature increase caused by Joule heating the 1
contact pads were made as wide as possible. They are dis S 0.6
placed to the side of the structure, allowing the MO indicator —
film to be placed as close to the bridge as possible. To pro-—=

vide low contact resistance they were covered with an Ag 044
layer, and Au wires of 5@m diameter were attached by

thermal compression. The boundary resistance of the 0.2+
Ag/lYBa,CusO;_ s interface  was as low as 1
10°3-10"% Q cn?, while the area of one contact pad was 0.0

~0.25 cnf. The bottom of 50@m substrate was held at a

constant temperature. Since the thermal conductivity of

LaAlO; is'® 0.1 Wicm K), the temperature rise at the inter- time (s)

face induced by Joule heating due to currents s tA is

always less than 0.1 K. Thus, the resulting heating of the FIG. 1. Temporal profile of the pulsed transport current. The

YBa,Cu;0;_ s bridge situated 500m away from the contact €xact time intervals of the MO image recording in the current-

pads is negligible. carrying state and the subsequent remanent state are indicated.
An initial selection of the structures having the smoothest

surface, i.e., height of over-growth less thamr, was made with the camera recording as shown in Fig. 1. The transport

using scanning electron microscop8EM). Next, bridges current with a rise time of 10 ms was applied 20-30 ms

with pronounced weak linksT, inhomogeneities, and other before an image was recorded. The exposure time was 35

defects which reduce the total critical curréptwere elimi-  ms, after which the current was ramped to zero in 10 ms.

nated by means of low-temperature SEMin addition to  After waiting another 20—30 s the remanent field distribution

current-voltage measurements made by a standard four-progas measured.

scheme. As a result, the bridges used for the final investiga-

tions had a critical current densify larger than 18 A/cm?

at 77 K. 1. RESULTS AND COMPARISON WITH THE CSM

0.01 0.03 0.05 0.07

Throughout the paper we use the following notations; see
B. Magneto-optical imaging Fig. 2. Thex axis is directed across the bridge, the edges
being located ax=+=w. They axis points along the bridge,

Our flux visualization system is based on the Faraday ro e :
y y and thez axis is normal to the film plane. Thecomponent

tation of a polarized light beam illuminating an MO-active o .
indicator film that we place directly on top of the sample’s ©f the flux density is denoted t§. The profiles|B(x)| were

surface. The rotation angle increases with the magnitude d?lways measured for a fixedin the central part of the strip,

the local magnetic field perpendicular to the HTSC film. Byminimizing the effect of the stray fiel_d of the clon'gact'pads.
using crossed polarizers in an optical microscope one cafjithough the MO measurements give the distribution of

directly visualize and quantify the field distribution across!B()|; we could in the simple geometry under consideration
the sample area. As Faraday-active indicator we use a BRWays determine the sign & by inspection of the images.
doped yttrium iron garnet(YIG) fim with in-plane We let Q(x) denote thg shee’F current density dgflned as
anisotropy?° The indicator film was deposited to a thickness9(X) =J1(x,2)dz wherej(x,2) is the current density. For

of 5um by liquid phase epitaxy on a gadolinium gallium Previty, we will often use the current density also &i).
As the bridge thickness is much less than its width, the the-

arnet substrate. Finally, a thin layer of aluminum was™ * : !
g y y oretical results for the thin strip geometfjare used below.

evaporated onto the film in order to reflect the incident light, X , ) °
thus providing a double Faraday rotation of the light beam/N our experiments, the bridge thickness is also of the order

The images were recorded with an 8-bit Kodak DCS 42¢Pf the penetration depth; hence its magnetic properties are

charge-coupled devic€CCD) camera and transferred to a fully characterized by the two-dimensional flux distribution

computer for processing. The conversion the gray level ofit the surface.

the image into magnetic field values is based on a careful

calibration of Bi:YIG indicator response to a range of con-

trolled perpendicular magnetic field as seen by the CCD

camera through the microscofsee also Ref. )5 After each Flux density distributions for a strip carrying a transport

series of measurements, the temperature was increased abaerentl were measured for currents uplte5.72 A. The

T. and thein situ calibration of the indicator film was carried MO image for the current=4.16 A is shown in Fig. ).

out. As a result, possible errors caused by inhomogeneities dhree profiles of the flux densit}B(x)| taken across the

both indicator film and light intensity were excluded. strip are shown in Fig. 3. The profiles have maxima near the
To avoid overheating of the HTSC bridges as the currenstrip edges and a minimum in between. Actually, the left and

approaches, a specific experimental procedure was devel-the right parts of the profiles correspond to induction of op-

oped. Short current pulses were applied and synchronizegosite sign. As the current increases, Fig&)-33(c), the

A. Current-carrying bridge
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FIG. 3. Profiles of the perpendicular magnetic field produced at
a distanceh=8 um above the bridge carrying transport currents.
Symbols show the experimental daganly 1/5 of all measured
points are shown and the solid lines represent CSM calculations
from the Egs.(3) and (1). 1/1,=0.13 (a), 0.53 (b), and 0.97(c),
wherel .=5.9 A.

Mo [W X' —X

B0=2a -w h2+(x’ —x)?

J(x")dx'+B,. (1)

HereB, is the external magnetic induction. The current den-
sity distribution in a strip carrying a transport curréntan
be written for the Bean model 3%

FIG. 2. (a) Sketch of the studied YB&u;0;_ s bridge struc- 2 W2— a2
ture. (b)) MO image of flux distribution with the bridge in the J(X) = arctaf< ) |x|<a,
current-carrying state with=4.16 A. (c) MO image of flux distri- =\ 7 a?—x? 2
bution with the bridge in the remanent state after the applied-current ¢ 1 a< |X| <w

state shown in(b). Two inner bright lines near the sample edges
represent the original trapped flux, and the outer bright lines repre-

sent penetration of the oppositely directed return field, while the T _ . .
dark lines between them correspond to regions of vortex-antivortewherea_w 1-(1/1¢)% andl.=2wJ. is the critical cur-

annihilation. Strong contrast enhancement was applied to the ima gnt._As Eqgs(1) and(2) yield a symmetridB(x)| pro_file we
in (c). ind it necessary to account also for the stray field of the

contact pads in order to reproduce the slight asymmetry in
magnetic flux penetrates deeper and the flux-free Meissnéhe |B(x)| data. The current in the pads produces near the
region in the center of the bridge decreases in size. central part of the bridge a magnetic field which acts as an

The experimental MO data are interpreted in the frame-additional external field varying slowly in space. This allows

work of the CSM. As discussed in Ref. 5, one should ac-us to employ the results of the CSM for the case of a trans-
count for the finite distance between the sample and the M@ort current superimposed by a weak external magnetic
indicator film. The perpendicular magnetic fieRl at the field.?! According to this theory;* the current density distri-
height h above the center of the bridge can be calculatedution, Eq.(2), is modified to yield](x) =J. at x within the
from the current density distributiof(x) as’ intervals (—w,p—a),(p+a,w), and
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FIG. 5. Remanent profiles of the absolute value of perpendicular
magnetic field at the distande=8 pm above the bridge after ap-
1.0 N plying transport current=4.16 A. Dots, experiment; solid line,

o \J *"‘A& CSM, Egs.(5), (1) with I,.=5.9 A; dashed line, flux creep simula-
0.5 \ (© tions. A large amount of flux trapped near the bridge center is in
i '; strong contradiction with the CSM and can be explained by flux
0.0 <posacansatsasesense, Y | _\........-.--.-. creep. Experimental points in the regions where the parallel com-
L A L . ponentB,(x) changes sign and the response of the indicator film is
-3 2 - 0 ! 2 8 suppressed have been removed from the plot.
x/w

FIG. 4. Distributions of current density in the current-carrying limited by the distancér, we chose a step size along tke
strip. Symbols show the distributions inferred from experimental@xis close toA =h/2. Specifying the coordinates in units of
data using Eq(4). The predictions of the CSM, EQ), are shown A, i.e.,x=nA, x'=n"A, andh=dA, and applying a Han-
as solid lines.I/I,=0.13 (a), 0.53 (b), and 0.97(c), wherel,  nig window filtering function one obtaifs
=59 A

J(x 1 X— wW— —a2 n-n'[1-(-1 nfn’ewd
00 _1(_ (= Pw=p) =S (1o
‘]C lrg a.(W_X) Y ,LL07T\ d2+(n_n/)2
- +p)+a? ' “n'gm
—arCSir‘fX p)(W p) a (3) [d2+(n_n )2_1][1_(_1)n n e d] ,
a(w+Xx) T P 5 B(n’).
[d°+(n—n"+1)7][d“+(n—n"—1)]
for p—a<x<p+a. Here )
w 1\2 | Ba
a=————-\/1-|—|, p=w—tanh 5|, . ' .
coshB,/B) lc lo B. The current density profiles calculated from experimental
B(n) data using this formula are shown in Fig. 4. The figure
_ Mode also shows the results obtained from Egj. using the value

Bc

of |, determined by the fitting ofB(x)| profiles. As seen
from Fig. 4, the experimental profiles trace all qualitative
Profiles of|B(x)| calculated from Eqg3) and(1) are shown features of the theoretical curves. In particular, the minimum
in Fig. 3 by the solid lines. Heré. and h are parameters in the current density near the bridge center predicted by the
determined by fitting the CSM profiles to experimental data.CSM can clearly be distinguished in all experimental curves.
The valuesl.=5.9 A andh=8 um yield the best fit for Moreover, the position of the minimum is found to be
the profiles measured at all currents Note thatl. has slightly shifted towards negative a behavior in full agree-
the physical meaning of the critical current for the CSMment with the theory when the effect of contact pad stray
model, at which the magnetic field fully penetrates thefields is accounted for.
bridge. As first pointed out in Ref. 5, the MO YIG indicators with
One can notice in such experiments and e.g., in i) 3 in-plane anisotropy respond not only By, but also to the
that the experimental penetration of the magnetic field isomponentB, parallel to the film. In the data presented we
deeper than the CSM prediction. This characteristic deviaalways made the proper corrections according to the method
tion can be accounted for by introducing flux creep, as willsuggested in Ref. 5.
be discussed in detail in the next section. To check the self-consistency of our inversion calcula-
With h being a known parameter one can also directlytions we integrated the current density overindeed, the
determine the current distributions across the stiifx), total current was always equal to the transport current passed
from the experimentaB(x) profiles. This can be done on a through the bridge within an accuracy of 5%. Some devia-
model-independent basis according to an inversion schem@ns between experimental and theoretical current profile
developed in Ref. 5. Since the accuracy of the inversion islopes are seen near the sample edges where the theoretical

v
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profiles are discontinuous. The observed smearing of the cutatory flux profile typical values ofB,| are significantly
rent profiles reconstructed from the induction data can béower than in the current-carrying state. Thus, MO studies
ascribed mainly to the discreteness of the points used in theecome substantially more difficult in the remanent state,

inverse calculation and possibly slight structural imperfec-2nd flux profiles with reasonable signal-to-noise ratio were
tions near the very edge of the sample. recorded only after relatively large transport curremts

>0.6,.=3.68 A.
The MO image of the flux density distribution in the rem-
anent state after switching off a transport current of 4.16 A is
B. Bridge in a remanent state after transport current shown in Fig. 2c). Figure 5 shows the flux density profile

i . . taken across the strip in this remanent state. It can be seen
When the transport currehis switched off, the magnetic 5t there are large maxima of trapped flux in the center of

flux in the inner part of the strip remains trapped. The returno bridge. Also, the weaker maxima of reverse flux are vis-
field of this trapped flux will remagnetize the edge regions ofipje near the edges. In the figure we have removed the ex-
the strip and the flux of opposite sign penetrates an outer rinherimental points corresponding to the regions where the
As a result, the measured remanent distributi@(x)| MO image is governed by a disturbing zigzag domain pattern
should display two peaks in each half of the bridge: onein the indicator film. This occurs whet®, changes sign.
representing the maximum trapped flux and another near the The current distribution derived from the Bean model for
edge indicating the maxima in the reverse flux. In this oscilthe remanent state®$

2 w2—a? w2 —b?
—l arcta 3 —2arcta > | | —a<x<a,
J(X) m a‘—x b=—x
= (5
‘]c 4 WZ_bZ
1— —arcta , a<|x|<b,
™ b?—x?

where a=w\1—(1/1)%, b=w\1—-(1/21)?, and| is the amount of trapped flux increases with the current. At larger
maximal current. Atb<<|x|<w the current density is equal currents, however, the trapped flux levels out and even starts
to —J.. The small contribution from the field generated by to decrease abkapproaches.. The solid line in the same
the contact remanent currents is here neglected. figure indicates the predictions of the CSM, which clearly
The magnetic-field profiles calculated using E@®.and ~ Shows a different behavior. Neither is the nonmonotonous
(1) are shown in Fig. Fsolid line) together with the experi- Pehavior seen experimentally explained by flux creep.
mental data. We used the same valueslfoand h as ob-

tained by fitting results for the current-carrying state. Evi- | a1 _442A
dently, there is here a significant deviation between our data 60 / Q —o—1=468A
and the CSM description. The main deviation is that the T 4 /° B T l=494A
trapped flux maxima in the experimental curve are shifted 50 1 /o.”\' —o—1=520A

towards the center. Again, this can be shown to be an effect

of flux creep as discussed in the next section. Another devia- (5
tion seen in Fig. 5 is that the maxima near the edges are —
hardly visible experimentally. This is most likely due to the ©
nonlinear response of the optical detection system which
leads to a reduced sensitivity at low Faraday rotation angles,
i.e., at small induction values. Another source of smearing is
that the width of the maxima near the edges is comparable to
the thickness of MO indicator film.

The experimental flux profiles in the remanent state after
large currentd >4.16 show even more intriguing behavior.
Figure 6 shows six remanent flux profiles across the right
half of the bridge after applying currents ranging from 4.42
A to 5.72 A. The observedecreasef the trapped flux with
increasingtransport current seems highly unexpected. Such g 6. Experimental profiles of the absolute value of a perpen-
a behavior definitely contradicts the CSM. To make a quangicular magnetic field in the remanent state after different transport
titative comparison we have integrated the flux trapped in th@yrrents: (1) 4.42 A, (2) 4.68 A, (3) 4.94 A, (4) 5.20 A, (5) 5.46 A,
band—0.4w<x<0.2w, where the MO data are reliable. The and(6) 5.72 A. Only the right half of the bridge is shown. Note the
dependence of the total flux on the current is shown in Fig. 7unusuall dependence of the trapped flux: tlhaeger the current, the
At small currents <4.16 A, the behavior is normal as the smallerthe density of trapped flux in the bridge.
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40 fpr the smootheninglof the experimental profiR&x) rela-
tive to the CSM profiles.
K To verify this suggestion we have carried out computer
: simulations of flux penetration into a strip in the flux creep
) regime. Simulations of this type have previously proved to
20 ! be very powerful in the analysis of flux behavior. In particu-
lar, they have been used to analyze magnetization cdf7és,
magnetic relaxation dafd;** and ac susceptibility for vari-
ous geometrie® Flux creep simulations have also been used
to explain features of the flux penetration into thin HTSC
6 samples in an applied magnetic fiéltf We present here
I creep simulations to analyze the flux dynamics in a strip with
(A)
transport current and the subsequent remanent state.

<iB__I>(G)

10 -

FIG. 7. Flux trapped within the bané 0.4w<x<0.2w in the
remanent state after transport curreiats a function of. The band A. Model

corresponds to the reliable MO data shown in Fig. 5; the flux den- The motion of magnetic flux is governed by the equation
sity is averaged over the bandwidth. Dots: experimental results.

Solid and dashed lines: CSM and flux creep simulations, respec- E_ _i B) 6)
tively. For 1<4.16 A the experiment is in qualitative agreement T O,)X(v !

with flux creep; however, for larger currents a striking steady de- . . L

crease in trapped flux is observed. wherev is the vortex velocity. The velocity is assumed to

be dependent on the current densitgnd the temperaturé
as v=vgexg—UQ)/KT] where U(J) is the current-

d?pendent activation energy due to vortex pinning. Its depen-

current-carrying and remanent states. The general features A : : ;
the flux distribution in a strip with transport current predicted ﬁi?gfu:)er? g:a?a ?grrrgr:;siir\:vs'ge'é e;;e;;&v;lg discussed in the

by the CSM are well confirmed by experiments. It should b} A conventional approach to the flux creep is based upon

Let us sum up the comparison with the CSM for the

noted that such a good agreement was achieved only by tak- = . . ) - .
ing into account a finite distance between the HTSC film an e linear(Anderson-Kim relationU(J) =U(1—J/Jcy) for

the MO indicator, the additional field generated by contac heepigInnigglc?rit(iacr;rggr.rel_:ﬁrgerlvsﬁtyu\?viif:?\eisngitf?;lg%wtf?rgrt’r:]?he
currents, and the influence of the parallel field component OO%SM critical current densind,. The Anderson-Kim ap-

the properties of the YIG indicator. However, a general tren imation is fairl dad —J<l. H due t
of a deeper flux penetration compared to the CSM predictiorﬁ)rox".‘na.Ion IS Tairly g.OOH_I‘:"S(C:R th EP' gwevedr, ue (f)th
can be traced. In the remanent state the deviations from tng pinning energies in S, the ime dependence of the
CSM are more pronounced, and experimental flux proﬁle§urrent den5|_tyJ appears very pronounced, and during the
after currentd >0.71. have qualitatively different shape. In t|me|;)f tex%enmgbnt] can rgach tV ?Itée‘:‘ well belﬁﬂé% ,?ska int
particular, the flux trapped inside the bridge can be severdf>U'" toth escrll_e expﬁnme? a f%ajor&e S odu é}zg Into
times greater than predicted and it depends on the previous@:coun € noniinéar character or | é_ ) dependence.
applied current in a nonmonotonous way. he usual way is to express the pinning energy as a power
i i M -
Comparing the experimental results with the predictions!aw function of the current densnyJ(J)o_cJ - Such a de
of the CSM we employed expressio® and (5) based on pendence follows from several theoretical mo-dels based on
the Bean model. Thus, we assumed the critical current der"fhe concept of colleqtlve creep, the valueg;o_belng depen-
sity J.. to beB independent. We have checked the validity ofd.ent on VO”?X S'e.”s'ty' the cu'rrent, the pinning strength, and
this assumption by studying the penetration of an applieflmens,lonalltyz. Since we are interested mt_he region of Iqw
magnetic field into a bridge of the same geometry fabricate jelds, the valum=_1/7 seems most appropriate, as it apphe;
on the same film. We could trace a rather weak dependené@ the case of a single-vortex creep at high current density
of J. versusB only aboveB~200 G. For smalleB all the ind low /terlppera]'fur%"h We use the expressmr:]J(J)
results, including the results for the remanent state after ex= Yel (Jep/J) _1]_ or the activation energy. In such a nor-
ternal field, were compatible with the CSM predictions, as inMalizationU(Jep) =0 andJ., retains the meaning of a de-
Ref. 5. Consequently, there is no reason to attribute the gdinning critical current. The current-independent factor in

viations observed in the transport current regime ® de- € Vortex velocity equals, expU/kT) whereu is a quan-
pendence of tity of the order of the flux-flow velocity.
.-

The numerical integration of E¢6) was carried out by a
single-step method, similar to the one reported in Ref. 24.
IV. FLUX CREEP Having the field distributiorB(x,t) at timet, we calculate

: . . . . the corresponding current density distributiori as
The basic assumption of the CSM is that in the regions P g y

where the local current densiflis less than the critical one 2 (wB(X,t)—Ba(t) [w?—x'2
J¢, the flux lines do not move. This assumption does not J(x,t)= f 5 2dx’
We—X

hold for any finite temperature because of thermally acti- THoJ -w x=x'
vated flux motion or flux creep. As a result, a small amount Lt
of magnetic flux will penetrate into the regions wilk<J,. . +(—) (7)

We suggest that this excess flux penetration is responsible mywZi—x2’
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FIG. 8. On the determination of the flux creep parameters from 04
the experimental MO data on magnetic relaxatiB(t) is the rem- 0.3 r
anent field in the central region of the bridge after switching off the “r
external field 100 mT. The experimental dependence In 02}
(—dIn B/dt) vs B# with w=1/7 is fitted by a straight line according 01|
to Eq. (8). g
2 o0
- L
Here I(t) and B,(t) are the time-dependent total transport 0.1 4
current and applied field, respectively. The expression fol- 02l
lows from the Maxwell law for the thin film geometry. Then .
the quantitysB(x,t)/dt is calculated from Eq(6). The new 03 (b)
distribution of the magnetic field is calculated Bgx,t) 04|
+ 6B(x,t), where §B(x,t) = 6t(dB/dt). Here a time incre- Y
mentat is chosen so thaiB(x,t) < 6By4,=0.000LqJ,, for 12 10 08 06 04 -02 00
any x. Then we come to the next step and so on. x/w

There are two independent parameters in the model—the ) _
FIG. 9. Results of flux creep simulation fafJ;,=0.26 A,

I, i
prOdUCt.vo expUg/kT) ar!d. the ratIOJ‘%pUC/(kT)' Unfortu evolution of profiles of the magnetic fiel@ and the current den-
nately, it seems very difficult to estimate these parameters,

const

e ®

from the literature because of a very large scatter in the pubs-Ity (b in the strip plane for the time variation of the transport
. o current shown in Fig. 1. Profile®) and(b) correspond to different
lished values of the pinning energdy, for YBa,CuzO;_ 5. times marked as different points in Fig. 1.
We determine the ratid;,U./(kT) by fitting the experimen-
;alsfe“;;;farg ':(Spfé?idnfj:rgﬁt%t:gengl:iinrzgigggﬁ_/kn from We can roughly estimat@B/dx asB/w. Moreover, in.a fully
In the relaxation experiment the sample was cooled dowRenetrated stat@B/dxJ, and therefore J<B. This ap-
to 15 K in an external magnetic field of 100 mT, which is Proximation together with Eq6) yields
about 8B for our bridge. This high field ensures that the
remanent state is fully penetrated by the curfetithen the dInB vo U,
field was switched off and the time dependence of the rem- In| ———]~In WGXF< k_T)
anent field was measured by the MO technique in the time
window 13-10° s. From now on we focus on the peak field The experimental quantity In(@In B/at) is plotted as a
value B(1) obser\{ed in the central region of th? bridge andfunction of B™* in Fig. 8. The experimental points show a
averaged along its length. Instead of presenting the relaxio . jinear dependence, and the line representing the best
tive In(d In B/at) versusB*. The reason for this type of plot ~10** m/s. Assumingv,=10 m/s(see, e.g., Ref. 22we
is the following. As was shown in Ref. 23, the pinning en-estimate the pinning energy asU.=(50-55) kT
ergy U(x) remains almost the same locally at any stage in a=0.08 meV for T=15 K which is a quite reasonable
relaxation process. That is a feature of a self-organized beralue®® The other free parameter, the sheet current density
havior of magnetic flux which is a consequence of the expod,,, was chosen to provide the best agreement of results of
nential dependencexexd —U(J)/kT]. Since U is almost flux creep simulations with the experimental profiles shown
constanty varies also slowly in space, and therefore in Fig. 3. It is interesting to compare the chosen valyg
=1.45<10°® A/cm with the critical sheet current densify
determined by fitting the same experimental data to the
ﬁ% E CSM. We found thatl.~0.37.,,. For this current density,
at Cax’ the effective barrietJ =U[(Jcp/Jc)*—1] appears sub-
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250 - region of low density of flux lines their velocitidetermined
by the ratioJ/J.,) should be large to keep the flux flow
continuous.

The dashed line in Fig. 10 is a result of our simulations of
the magnetic field profile fot=0.79. at t=35 ms after
switching on the current. This time delay corresponds to the
center of the plateau in the time dependence of the transport
current(see Fig. ]; so it was the time when the MO images
were recorded. The profile was calculated from the simulated
current distribution using Eq1). In a similar way the flux
profile for the remanent staté£€30 s) was calculated. The
result is shown Fig. 5. It is clear that flux creep provides
deeper penetration of the flux into the inner regions in agree-
ment with the experiment.

For the current-carrying state, Fig. 10, the agreement is

X/ W fairly good except two minor discrepancies. First, the experi-
mental peaks at the bridge edges are less than the ones pre-

FIG. 10. Profiles of the absolute value of perpendicular mag-dicted both by the CSM and by our simulations. This is a
netic field induced by transport currei#0.79 ;. at the distancér  rather general featuref. Ref. 5§ which probably originates
=8 um above the sample. Dots, experiment; solid line, calculafrom the finite thickness of the indicator filfin our case
tions along the CSM, Eq¢3),(1); dashed line, results of flux creep 5 ,m), as well as from the imperfection of the edges. An-
simulation. It is clearly seen that the flux creep leads to a deepegther discrepancy observed outside the bridge is obviously
per!etration of flux comparing to the CSM, in agreement with eX-ra|ated to contact currents. Indeed, E8).is based upon the
periment. assumption that the external field is srfaind homoge-

neous. However, the field generated by the current in the
stantially lower thanU., about 0.18,~8KkT. It is worth  contacts is actually inhomogeneous in idirection, and far
noting that variation ofw in the range 1/7-1/3 has a minor from the bridge it is significantly different from the one in its
effect both on the calculated profilB¢x) and on the relation central part.
Ui~8KT. For the remanent states after currgrthe account of flux
creep provides good agreement with the experimentd for
<4.16 A, Fig. 5. However, at larger currents the experimen-
tal behavior of the trapped flux is qualitatively different. In-

Let us first discuss general results of flux creep simuladeed, both critical state and flux creep models predict mo-
tions. The time evolution of the profiles of the current den-notonous dependence of the trapped flux on the current.
sity and magnetic field under applying and switching off aNonmonotonous experimental dependence can serve as an
transport current with density=0.26]., is shown in Fig. 9. indirect indication that some nonequilibrium process is re-
The time dependence of the transport current was chosen gponsible for the flux distributions observed after large cur-
shown in Fig. 1 in accordance with the experimental procerents.
dure. For simplicity, only the case of zero external field is We believe that the formation of the remanent state after
considered. Since all the distributions are symmetric in thissery large currents is strongly influenced by heating effects.
case, we discuss the profiles for one half of the bridge.  As is well known, energy dissipation due to vortex motion

The various curves in Figs.(& and 9b) correspond to facilitates more intensive motion. As a result, macroscopic
different times as marked in Fig. 1. The profild3—(4) cor-  avalanchelike flux redistributiofs 3 (flux jumps can take
responding to current-carrying states are very similar to thelace. Unfortunately, the works we are aware of are focused
ones expected from the CSM. It is interesting to note thabn flux jumps in the case of an applied magnetic field and
though the transport current did not change from the instanglab geometry. We believe that the case of a remanent state
1to 2, the curves 1 and 2 in Fig(l9 differ substantially. in a strip after transport current requires special theoretical
Though both can be described by CSM profiles, they corretreatment. Furthermore, the flux motion obviously takes
spond to different values af,. In particular, the transition place through narrow channels of weak pinning. Conse-
from curve 1 to 2 corresponds i decreasing in time. The quently, the energy dissipation is substantially inhomoge-
time dependence of effectivie can be seen also from curves neous, which should be taken into account in the estimates of
3 and 4 for the remanent state after current. A possibility tdocal temperature. We plan special experiments, as well as
interpret the experimental time evolution of magnetic fluxthe proper theoretical analysis, as the subject of a future
profiles by the CSM with time-dependeht has been previ- work.
ously demonstrated in Ref. 31. To get a hint at why heating in the remanent state might

An additional feature of calculated profiles in the rema-be different from the one in the current-carrying state, we
nent state is a peak of “negative” current density located nohave compared the power dissipation. According to the esti-
far from the bridge edgé&f. Ref. 23—see curves 3 and 4 in mates, the power dissipation due to vortex motion is larger in
Fig. 9(b). The peak’s position corresponds to the annihilationthe current-carrying state. However, in the remanent state
zone whereéB(x) changes its sign. This peak is a direct con-there is an extra source for dissipation—vortex-antivortex
sequence of the continuity of the flux flow. Indeed, in theannihilation. Due to this contribution, the total power dissi-
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pation in the annihilation zone can be larger than that in thestate, were performed by the magneto-optical method. The
current-carrying state. Consequently the remanent state caxxperimental results are compared with predictions of the
be more unstable with respect to temperature fluctuationsritical state model for a strip geometry and with computer
that the current-carrying one. It should be noted that the spesimulation of flux penetration in the flux creep regime. In the
cial behavior of vortices in the vicinity of the annihilation current-carrying state, the agreement was satisfactory. Simu-
zone in the remanent state has already been addressed in thgon of flux creep predicts slightly deeper flux penetration
literature. The most unusual feature is the meandering instdahan the CSM in agreement with experiment. In the remanent
bility of the flux front and its turbulent relaxation observed in state after transport current, the CSM fails to explain the
very clean single crystaf¥.Heat release in the annihilation experimental results. Our simulations of flux creep allow us
zone is suggested as a probable explanation of this phenorte describe the flux profiles after relatively small currént
enon. Another explanation is based upon the concept of mag<0.71.. At larger currents the total trapped flux appears sub-
netic field concentration inside the bend of a current ffhe. stantially less than predicted by the flux creep simulations,
Furthermore, as discussed in Ref. 23, near the annihilatioand itdecreasesvith increasing | Excessive power dissipa-
zone, the special behavior of flux creep can be expected. It iSon in the annihilation zone can be an explanation of these
argued that under certain assumptions aboutBhgepen- experimental results.
dence of the pinning energy, the presence of the annihilation Additional experiments and elaborated theoretical models
zone destroys the normal course of flux creep in the wholdor the remanent state are under development. We believe
sample. that important information can be obtained from time-
Another possible source of an instability might be an ad+esolved studies of remanent state nucleation. The conditions
ditional heat release in the contact pads. However, accordinigr the nucleation of macroscopic flux jumps is also a subject
to the estimate given in Sec. Il A, the heat release in contadbr future theoretical investigation.
regions is negligible. This conclusion is confirmed by the
fact that the bridge burn-out took place in its central part.
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