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The effect of ac/dc magnetic fields and temperature on the trapped flux has been studied on superconducting
rings, in which a random net of Josephson junctions has been established. Using the obtained experimental
data, the dependences of the flux relaxation rate on temperature and magnetic field have been derived, and the
flux-creep activation barrier has been evaluated. The electrodynamic properties of the samples have been
calculated under three models of voltage-current characteristics under the assumption of a thin ring. When
placed in an ac magnetic field and in the critical state, the ring displays a quasi-Meissner behavior, which has
been verified by experiments. If ac/dc magnetic fields and temperature produce vortex density gradients
throughout the ring, the flux locks up in the ring hole and stays invariable, while elsewhere in the ring creep
continues. A peculiar graded decrease in the magnitude of the trapped flux has been observed under the action
of ac field and has been supported by theoretical calculations; we suppose that this rapid dropoff can be
accounted for by a change in effective time scale in the logarithmic creed $0463-182899)09813-§

I. INTRODUCTION ic B
oo

As is known, vortices in a Josephson medium can leave
the pinning centers due to heat and viscous motion under the Uo— aj
E=E, exp{ - ] )

Lorentz force. As a result, a resistance to the current and the
respective electric field develops. This causes energy dissi-
pation, which, in turn, accounts for a special electrodynamic
feature, namely a thermoactivated creep of the magnetic

flux.1—® , . .
. . . ) Here Eq.(2a) is a generalized mod&IEq. (2b) is the glass
In this paper we consider the electrodynamic behavior Ogtate(or collective creepmodel® Eq. (20) is the Anderson-

3. supr(]arcolr;ducting rtl)Tghé% WrgCh a chaotic Josephson ”;q{im model? U, is the activation barrier parametgy, is the
lum has been establishetand compare our experimental ¢ jicq (depinning current densityn and 8 are exponents
data with theoretical calculations. We demonstrate how ex(n>1) « is the coefficient. which allows a barrier reduction

ternal conditions(magnetic field, temperatureaffect flux C?]ue to the Lorentz force to be taken into account in ©q).

creep i_n the ring, and measure the m_ain parameters Which e e dependence of the current dengitthe fieldE,
determine the electrodynamic properties of the Josephso&hd the relaxation of the magnetic flux trapped in the ring

med"%m Irl] our ceramics. LFl]ndgr t_he gssumpﬂonf_of a thlrlmder the action of the ac field®(t) after the external dc
gr]lfg, |ts'e|ectrodynham|c behavior is given by a IrSt'Orderfield H€ has linearly increased and linearly removed derives
ffferential equatio from Egs. (1) and (2). The relaxationj(t) [or E(t)] at
(dH®/dt)=0 derives Eq(1) with the last term cancelled out.
The initial magnitude of the fiel&(0)=E, [or current den-
sity j(0)=jo] can be approximately derived from EL)
with the first term cancelled out, adH®/dt)=dH®(0)/dt
=a=const(i.e., to obtainEy= uwoRa/2), the onset of relax-
ation is the instant at which the dc component of the fi¢fd
stabilizes. Thus, iH®= *+at (linearly increased and then lin-
early removetlis applied during the time interval& to the
ring with no trapped flux in it, then fon>1, T/Uy<1 the
aollowing equations hold true:

(20

U=Uo(1-aj/Up), Up=ajc.

27RI(dj/dt)+ 2rRE— uowR?(dH®/dt)=0, (1)

wherej is the current densityR is the average radius of the
ring; |=sL/(27R) = uoRW?2 is the reduced inductance of
the ring (s is the cross sectiony is the ring width, E
=E.exp{—U/T} is the electric field in the ringy is the
effective activation barrietd€ is the external magnetic field
applied along the ring axigiq is a magnetic constarttjs the
time. The dependence & on | is determined by the prop-
erties of vortex motion. At present, the most popular cree

models that include current-voltage-Y) characteristics are j
0

j(t)y= ———, 3
j\n i 1o (L+t/ 7t D e
E=E/—|, U=Ugln .—), Uo=nT, (23 . o - _
Je Je wherejo=j(Eq/Ec)™", 70=]ol/[(n—1)Eq];
-, expl — 2[4 2b (=i 1+ In{ = 1+L) - (3b)
“EceX T ’ (2b) ¢ Uy (Eo To '
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Where’TO:jclT/(E()BUO);
i(t)=j [1 T jc| (1+ t” (30

= —— =In —11, C
: Jo Uo Jo 70

whereUo=aj¢,jo=jd 1+ (T/U)IN(2E/E)], ro=IT/(aEy).

Note that the estimate(0) can be derived from solving

completely Eq.(1), in which E(j) has been substitute@ds-
suming linear switch on/off of the external fightf over 2At

before the onset of relaxatibnThe accurate estimate only

changes the value dEy=uoRa/2 in formulas(3) into Eg
=E./[2eY0/T+4E (e —1)/(uoRA)], where C
=Upal/(TWijy).

The time dependence of the experimentally measure
field B(t) during relaxation is described by the same formu-

las (3), given thatB(t)=j(t)/(2R),S'=T/Ug. Then, for ex-
ample, Eqs(3b) and(3c) can be written as

B=Bo/[1+S' In(1+1t/7)]"%,

B=By[1— S In(1+t/7y)], 4

assuming g~j.-

Equation(1) can be solved analytically if the applied field
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G(H()):[wat exp(C sinn)dn}/ (wt).
0
In formulas(6)—(8), C=(Uy/T)H%(j W).

Il. EXPERIMENTAL

To compare the results of measurements with the solu-
tions to Egs.(5)—(8) given an applied ac field, flux-creep
experiments were run under the same conditions as stipu-
lated for Eq.(1). In approximating the experimental depen-
dences by Eqs3), (4) we assumeB,,S’, and B to be the
Htting parameters.

Samples of fine-granulated (~1 Jm)

Biy 6Py 4SCaCuz0, ceramics were prepared in the form
of tablets after a routine technique. Rings were made with
the following dimensions: outer radid®; ~4.6—5 mm, in-

ner radius R,~3-3.4 mm, width W=R;—R,
~1.2-2 mm, heightd~1.4-2 mm. The critical current
density wasj.~1 kA/cn? at 4.2 K, the superconducting
transition temperature wak,~105-107 K. The first criti-

cal field for the granules was?; >250 Oe; the second criti-
cal field for the Josephson medium was 100 Oe at 40 K, and

. - . _ 0 . .
is harmonic:H®=H"sin(wt). Suppose that the ac field am- ¢ first critical field for the Josephson medium wids,

plitude HC is high enough for the field to penetrate into the <100 mOe. The

ring hole(i.e., H°>HC,-, whereH,; is the penetration fie)d

penetration field wakz;~25 Oe.
The measurements were carried out in a solenoid with

then the electrodynamic behavior of the ring, assuming thg,q additional internal coils forming a Helmholz system, the

initial conditionsj(t=0)=j,~j. and the model-V charac-

teristics as in Eq(2), is described by the formulas below. If

the |-V characteristic is as in E¢2a) then

E(O '
©) J.—CC[wt—CeX[Z(—CSinwt)

VIO
1O o, .
wugRHY2 10

e e

14(1—n)

. ©)

wt
X f 7 cosy exp(C sin 77)0'7]}
0

whereE(0)= uoRHw/2, jo=j(E(0)/E)", for n>1.

coils being coaxial with the solenoid. A high-temperature
superconducting ring was placed between these additional
coils. A Hall probe and a thermocouple were placed at the
center of the ring. The solenoid generated a dc magnetic field
of up to 200 Oe. Low-inductance coils were employed to
generate an additional ac field of up to 20 Oe and a fre-
quency of up to 20 kHz. The sample was cooled by either
liquid nitrogen or liquid helium.

The measurements of the magnetic-field magnitude at the
ring center as a function of the external fi¢ld, temperature
T and timet has been performed using a software program;

Under the collective-creep model, which describes théhe field measurement accuracy was 0.02 Oe; the tempera-
|-V characteristic by Eq(2b), the time dependence of the ture of the sample was measured within an error of 5

current density is

j(t)=jo[l—BHO/(WjO)Sian(T/UO)

wt /s
X In[ 1+ BCJ exp(BC sin n)dn} (6)
0
For thel-V characteristic Eq(2c), the solution is
. . . T
j(t)=jo 1+HY%(Wjg)sinot— —
@Jo
ot
XIn 1+Cf exp(C sin n)dn} . (7)
0

Averaging expressiofi7) over the period and assumirg
~j., We obtain

(I(D)=jo[1~ (T/Ug)In(1+G(H)w)], ®

where

X102 K.

The following experimental results have been obtained.
The temperature dependence of the relaxation &te
—(1/2R)dj(t)/d In(1+t/7) has a domelike shape, and the
reduced rat&' = — (1/j ) dj/ 3 In(1+t/7) grows with the av-
erage slop&'/T=1.9x10"% K~! (Fig. 1). Thus the activa-
tion energy isU,=5.3x10° K.

The relaxation dependences of the trapped fi#t)
were obtained aT =78 K, when the external fielth® was
linearly increased and then quickly decreassée Fig. 2
Curve 1(relaxation without applied ac fieldehaves other-
wise than curves 2 and 3 plotted for the case when a har-
monic ac magnetic field is applied to the sample after re-
moval of the dc fieldH®. The relaxation curve in the absence
of ac field is described as

B(t1)=Bg[1-S In(1+t/7)], 9)

whereS'=0.0133, B;=8.77 Oezy=1 (curve 1. Note that
this dependence is in fact the limit of the functi¢Bb) at
1/8—1 andS'<1. If the amplitude of the applied ac field is



PRB 59 THERMOACTIVATED FLUX CREEP IN HIGH- ... 9651

5 0.05 9
-0.04
- 0.03 sl
w

0,02 T

=3

-0.01 m
? -

FIG. 1. Temperature dependenc&sand S’, of the relaxation
parameters. Experimental values $fare marked by crosses, re- 1
duced values o8’ are marked by circles. The solid line f8was Inft{s)]
derived by the best cubic spline, the straight line and the cubic
polynomial approximation for the depender8g T) were derived
by the least-squares fit.

FIG. 3. Effect of ac field application on the relaxation process of
the dc component of the trapped fiedat 77.3 K.H® is switched
off, times are indicated by arrows; is the ac field on,H°
=1 Oep=7 kHz;t, is the ac field off;t; is the ac field onH®
2.9 Oe and the frequenay=1100 Hz, the relaxation depen- =25 Oep=7 kHz; t, is the amplitude increased up td°

denceB(t), averaged over the period, is described by func-=3.11 Oe. The dotted line is where the time-axis scale changes.
tion (3b) at S'=9.48<10°3, B,=7.18 Oe,18=1.83
(curve 2. At 100 Hz(curve 3, the parameter values a&  threefold. First, increas#i® to a value ranging between
=1.48<10 2, Bo=7.31 Oe, and B=1.26. The time scale H¢;j<H®<1.8H and then switch it off. Second, at a con-
70=S"] W/(dH®(0)/dt), calculated by formula(3c), is  stant temperature, apply the external fielfito the ring until
equal to 0.06 s. As can be seen from Fig. 2, applying the agapped, remove the external field, cool the ring promptly
field changes the dependen@it)) as by curve 1 to that as (see Fig. 4 As a result of such cooling, the time dependence
by curve 2. of the trapped field is as presented in Fig. 5. As can be seen,
The effect of the toggling ac field on the relaxation of theas soon as the temperature stabilizes, the relaxation process
averaged field trapped in the ring is demonstrated in Fig. 3first stops, then resumdsurve a). The time interval over
At times up tot; the relaxation rate ofB) is S'=0.015. At which the trapped field remains constant depends on the dif-
t; the ac field H°=1 Oe, v=7 kHz) is applied andB)  ference between the initial temperatitee one at which the
drops off abruptly. Relaxation runs on & =0.017 until  field was trapped in the holend the final temperaturghe
t, (t1 is assumed to be the onset of relaxation one to which the ring was coolgdThe time interval can be
An interesting effect of trapped flux lockup within the large enoughcurve b). Third, (see Fig. 3 turn off the ac
ring hole was observed in these experiments. We achievefield att, and ensure it is removed within0.5—-1 s. There-
such a special field distribution in the ring body that theafter, within the Hall probe sensitivity in our measurements
trapped field in the ring hole does not change in the absenggsB~0.004 Oe), the trapped field remains stable for at least
of external field. Such a distribution as this can be obtained few hours. When the ac field wittH°=2.5 Oeyp

=7 kHz is switched on again at, the trapped flux drops

1.00 abruptly and the relaxation process resumes expli¢fig.
38F -—
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FIG. 2. Relaxation of the trapped fieRlas the ac magnetic field
was switched on, after dc field® switchoff at 77.3 K.(1) no ac FIG. 4. The temperature dependence of the trapped field mag-
field applied;(2) ac field H=2.0 Oep=1100 Hz, the initial  nitude in the ring hole. Arrows show the direction of changes in
value of H® is the same as for the curve 13) H°=2.9 Oep temperature T™® stand for the initial temperature at which the
=100 Hz,H¢is as for curve 1. strongest field was trapped.
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FIG. 5. The stoppage of the relaxation of the fiBldt the ring 0.80 T T T T T T T T
center by cooling to a constafit=34.4 K (t,=1 ). The onset of -te 1234567 839101112
relaxation stoppage and the instant at which the temperature reaches In (“’ t)
the constanT=34.4 K are indicated by arrows. Trapping tempera- . .
tures were:O indicatesT=37.0 K. X indicatesT=40.1 K. the FIG. 7. Relaxation of the transport current density under an

applied ac field. Calculations were performed by Ex).for model

(2a) with n=67 at a frequency of 100 Hz and the amplitud¢%
equal to 0.5 and 2 Odcurves 1 and 2, respectivelyFor t
=<0.25 s the extrema of the wavelike relaxation are shown, and at
t>0.25 s the same curves averaged over time are shown. In doing
calculation, it was assumed thigt=j . .

external dc field beingi®=87 Oe in both cases. Relaxation starts
at the time when the dc field® is switched off(at the correspond-
ing initial temperature On curvea, relaxation spontaneously re-
sumes at time 1, as compared to cubvevhere relaxation is not
resumed for hours.

3). Increasing the ac field amplitude ¥°=3.11 Oe at,,
we observe a further abrupt decreaséBt)) and the con- l1l. DISCUSSION
tinuation of relaxation withts’ =0.017.

The characteristic dependence of the dc component of the 10 €xplain the effect of ac field on the evolution of the
remanent trapped fielB on the amplitude and frequency of trapped flux, we have described our experiments in terms of

the applied ac field in all the rings dealt with are shown inM0dels(2) using Eqs.(6)—(8). As follows from these equa-
reduced units in Fig. fthe lowermost values of the remanent toNS if the ac field applied to the ring is moderate enough,
trapped field magnitude after ac figt{t) switchon, Fig. 3. the current generating the tr_apped flux decreases logarithmi-
As can be seen, the same curve resullts for all amplitudes arfé!ly @nd the same rate as in the case of regular creep. The
frequencies assumed. Note, however, that the dependence@U€ Of 7o, however, is governed by the integral in Egs.

. _ O 71 .
the derivatived(B(t))/dH° on the frequency is somewhat (©)—(8). €.9., Eq.(8) yields 7o=[G(H") ] .OFlgure 7 pre-
weak (see inset to Fig. )6 sents solutions to Eq5) at v=100 Hz andH” equal to 0.5

Oe and 2 Oe. Here we assuje-j.=3.4x10° A/m? and

o » 'ng”(HE)I - n=67, which corresponds to the observed value Sf
N =0.015. Calculations were made at.0<100 s. Note that
1.0 % El while relaxation is under way, the ac componenf @) has
g I e a quasi-Meissner behavior, its amplitude being little depen-
0.8 ggl . dent on time, and the highed®, the lower the averaged
S (j(t)). Our experimentgFig. 2 provide further support to

this conclusion by the fact that the relaxation rate remains

-

(=3
< oo the same at long times, whether with or without applied ac
m field. In their work® Gurevich and Brandt came to the same
var conclusions.
The observed drop&brupt decreasgs the trapped flux
0.z | following ac field application(see Fig. 3, can be formally
described as an acceleration of the relaxation process. In-
0 b creasingH® decreases;, abruptly, which is due to an expo-
O 0z 04 08 03 10 nential growth ofG(H?), and a striking change in effective

c a . . . .
H*/H"(B=0) time scale takes place. One real-time second is now equiva-
_l . . . . .
FIG. 6. The dependence of fieRitrapped in the ring after® lent to 75~ seconds in the course of relaxation, which is in

switchoff at the ac field amplitudel®. B, is the field trapped at th_e form of a drop in the_ trapped field magnitude. The rel_ax-
HO=0: H(B=0) is the ac field amplitude at which the trapped ation curve presented in Fig. 8 was plotted b-y. numerlcal
field becomes zero. The solid line is the curve calculated by formuigalculation of Eq(7), wherey=100 Hz and the initial am-
(10. The experimental points for six frequencies (10<Hz  Plitude H’=0.5 Oe rises up to 2 Oe &&10 s. In the case
<20 kHz) lie in the calculated curve at the corresponding valuef @ real ring(which are, e.g., for a Bi-based ring/U,

of HY(B=0) for each frequency. Inset: the dependence of the av=1.6X10"2, W=2x10"3 m, j,=3.4x10° A/Im? at 77
erage derivatived(B/Bg)/dH® on In() for 0.5<H°%/H°(B=0) K), the calculations by expressidii) were performed with
<1 G(H®=11.4 Oe), which was integrated numerically with
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1.00 ac field penetrates the ring of finite width radial from the
outside to a depth. In the layers accessed by the ac field the
trapped field distribution becomes uniform. Thusft does

0.95 1 l1 not exceedH; (penetration fielyl there is a layer of thick-
nessAR with zero average transport current and, conse-
0.90 - \LZ quently, the trapped field is lower than it is when the average
o current runs throughout the entire ring body. In this case, the
= dependence of the dc component of the fiBléh the ring
0,85 - l3 center onH? is given by
B(H® In{1+(W/R)[1-H%H%B=0)]}
0.80 - = , (10
Bg In(1+W/R;)
0.75 - whereB(H°) is the lowermost value of the remanent field
0 2 4 & 8 10 12 amplitude in the ring center due to the ac fightf(B=0) is
In(awt) the ac field amplitude at which the trapped flux is frustrated

throughout the entire ringd,=B(H%=0) is the initial field
jc=3.410° A/m? [Eq. (7)] for the Anderson-Kim model where in the center of the ring. Experimental d.a(ia. Fig. 6). are
the amplitudeH® of the ac field of =100 Hz changes at well apprpmmated by dependenélaO)o(S_ollc_j liné). Within

=10 s andt=70 s. Times denoted by arrowét) for t<1 s all the experl'mental frgquency rangiz(H ) is little dependgnt
the extrema of solutiori7) are plotted and connected by straight ON ¥ (See inset to Fig.)6In this caseH°(B=0) grows with

lines, fort>1 s the solution was averaged over the peri@i:at ~ frequency. Consequently, the proposed dependdiGe
t=10 s H° was enlarged from 0.5 Oe (<10 s) to 2 Oe gives a good qualitative description to the observed behavior

(10 s<t<70 s);(3) att=70 sH° was reduced from 2 Oe to 0.02 Of the derivative (1B,)dB/dH°. A weak dependence of this
Oe (70 s<t<100 s). A change in the slope of the relaxation derivative on frequency also follows from E(}), because
curve at the time€2) and(3) could be interpreted as a change in the (1/j ) (dj/dH®) ~ (1/Bo) (dB/dH®) deduced from Eq(7), is
effective time scale following a change iH® (a change inr, nearly frequency independent. Gurevich and Bramdt
=[G(H% ] ). The abrupt fall at img?2) and a weak change ported similar conclusions.
after the instan(3) are in a good agreement with experimental data The observed graded changesBn(Fig. 3) match the
[see Fig. 3 after timegl) (fall) and(2) (the relaxation stoppale ~ dependencd8(H®) in Eq. (10), and flux lockup following
removal of the ac field is similar to relaxation stoppage in the
the above parameters, which yielded a drop from 8.63 Oe t@ing hole when an externadfi;;—1.8H; dc field provided
6.86 Oe in~1 s. Theoretically, the trapped field totally flux trapping and then was removed.
releases from the hole in a few secondsi&t=76 Oe owing The relaxation, stopped by the first and second methods,
to an almost exponential growth of the functi@fH®). Ex-  can be explained if the finite width of the ring and the field
perimentally, applying an ac field d&fowHCJ:llA Oe and distribution in it are taken into account. As is knowhin a
v=100 Hz warrants total release in less than a second. Aplosephson medium the trapped flux relaxation takes place
plying the ac field decreases the trapped flux magnitudelue to viscous motion of the Josephson vortices with the
promptly (within the ac field rise time;-1-2 s), see Fig. 3. diffusion coefficientD and their drift under the field gradi-
Calculations by Eq(8) shows that this step in the relaxation ent. It is assumed that an opposite field gradient is produced
curve att; (Fig. 3 could be accounted for by applying an ac by the above methods, which prevents vortices from escape
field of HY=0.04 Oe andv=7 kHz, while the actual am- and is responsible for the relaxation stoppage in the ring
plitude wasH®=1 Oe. Although the experimental and the- hole. The reason for the gradients being opposite in sign in
oretical data disagree, the qualitative description is nevertha@erms of the two method$obviously follows from the Bean
less quite satisfactory, because the calculations wertheory and the critical state equatith.
performed on the thin rinfsee Eq(1)], in which finite width However, the relaxation stoppage following removal of
is neglected. The curves derived under the collective-creethe ac field is explained in a more complicated way. The
model under the above assumptions behave very similarly tgortex diffusion coefficient little depends on field frequency
those just discussdaee Eq.(6)]. (20 Hz—-20 kHz in our experimentsFor a change iD to
Noteworthy, the solutior{7) for the thin ring involves a be significant, the field frequency should be comparable
term with a constant amplitudé is proportional to singt)], ~ with the frequency of vortex jump attempt€) ¢ 10°—10'°
which results in that the ac field of any amplitude penetrates ). Thus, the change in the flux relaxation rate must be
into the hole. However, this conclusion cannot be extendedue to the field gradients. We assume that the flux lockup,
to any real ring of widthW, in which case only the external achieved by this third way, is caused by the field structure
layers accessed by the ac field are of influence to the field imodulated along the radius which freezes after an applied
the ring center. low-frequency field has been removEdThis remanent
Thus, a better agreement with the experimental data castructure has oppositely directed gradients, and we assume
be achieved via taking into account the finite size of samplethat there is no average gradient in this modulated structure,
and the corresponding current and field distributions. Returiand, therefore, no average trapped flux. We suggest that the
to Fig. 6. To explain this dependence, we presume that acrortices are pushed outwards by a constant field gradient
cording to the critical state condition requirements, a weakvhich occurs in the innermost layer in the course of relax-

FIG. 8. The current relaxation calculated BtU,=0.015 and
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ation in the ac field of an amplitude smaller th&t?(B  chaotic Josephson net was established. In particular, effects
=0). In the external layers of the ring accessed by the aof variation in temperature and the ac magnetic field have
field, the field distribution is oscillating with zero average been studied.
gradient which does not prevent vortices from coming out, The electrodynamic behavior of a thin ring has been
but only disturbs the logarithmic shape of the relaxationevaluated acted on by for a low-frequency ac magnetic field
curve (see Fig. 2 When the ac field is removed, the modu- USing three models df-V characteristics. Quick energy dis-
lated structure freezes, the field gradients in it are directed sgiPation following application of the ac field and a drop in
that coming out is hampered:; the flux freezes and the relaxf@pped flux magnitude have been demonstrated. The value
ation stopsFig. 3, betweert, andts). of th_e Qrop erends on the ac fl'eld qmplltude,.the relaxation
The shape of the modulated structure is determined by th te is invariable, only the effective time scale is affected by
critical state conditions, and the phenomenon of the self: ¢ ex;c(ernetll_alg_ﬂeld. Thus, the amphltude of the aE)(I: c(cj)mpo-
organized maintenance of critical stapgovides its stability. nent of a shielding current remains almost invariable during
This phenomenon implies that a spontaneous decrease relaxation. In other words, when an ac field is applied, the

) o ieldi f the ring hole f th field displ i-
field gradient in a part of the sample causes a decrease chie ding of the ring hole from the ac field displays a quasi

. ! X X > NAeissner behavior. Experiments confirm the calculations and
current density, which causes an increase in the effective,eal a number of new phenomena

pinning energy, and vice versa. Thus, this feedback provides The external conditions under which the flux freezes have
the field gradient stabilization. Batkin and Savicheffke-  peen specified and analyzed. This is valid in the cases where
port observing a modulated structure such as this, which akhe action of either magnetic field or temperature results in
lows us to consider the proposed model as adequate to thge formation of vortex density gradients in the ring body,
experiment. . o ] which prevent the trapped flux from escape. It has been es-
Noteworthy, when the flux is locked within the ring hole, taplished that the ac magnetic field has a minor effect on the

gradient, which pushes the vortices outward, exists in thgnder the collective-creep model.

outer layers of the ring. While the vortices are coming out, ] o )
the counter-gradient decreases and after long locking the re- The work was supported by the Russian Ministry of Sci-

laxation resumesFig. 5). ence and Technical Policy in the frame of the programs
“The actual problems of a condensed matter physics,” Grant
V. CONCLUSION No. 96108 and by the Russian Fundamental Researches

Foundation/Grant No. 96-02-19249aWe are thankful to V.
Investigation of various effects on the trapped flux relax-Filonenko for revising the English version of this manu-
ation process has been carried out for rings, in which thescript.
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