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Remanent flux creep in YBaCuz;0,_s films in the critical region
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The remanent magnetic flux creep in YBagO-.s thin films was investigated in the vicinity of the critical
temperatureT .. The trapped magnetic flux was generated in the specimen by ramping the applied field to a
finite value and then back to zero. The remanent magnetic field of persistent currents circulating in the sample
was measured as a function of temperature and time. Data on the critical current dgrasity the creep
activation energyJ were extracted. A sharp decreasdJoat temperature$.— T<1 K was related to critical
fluctuations. In this critical region a power-law time decay of the currgats P was observed and explained
by the logarithmic dependendé=UIn(j./j) for the current-assisted thermal unbinding of vortex-antivortex
pairs generated by the critical fluctuations. In the critical region, the temperature depejdefice- T)? was
observed. A possibility to relate this result to the critical behavior of the three-dimensiohahodel is
discussed[S0163-182808)07545-9

[. INTRODUCTION YBCO exhibits critical behavior of the three-dimensional
(3D) XY model, in which case its superconducting transition
Studies of magnetic flux vortices occupy an outstandingoelongs to the same universality class as the superfluid tran-
place in the history of high-temperature superconductorsition in liquid “He. Measurements of the specific Hesind
(HTSC’9. The tremendous theoretical effort was summa-microwave penetration depth in zero fildvere consistent
rized in the monumental review by Blattet al! Thermally  with the critical behavior of the 3IXY model. In Refs. 5,6
activated motion of vortices, so called flux creep became, irthe experimental data were fitted to theory over the tempera-
its own right, an important part of HTSC research. Experi-ture rangeAT=10 K nearT,.
mental studies of flux creep were reviewed in a recent paper This value is evidently too large when compared with the
by Yeshururet al? Most of the work was done in the region width of the superconducting transition in zero fieMl
of the magnetic field—temperatul T phase space, which <1 K. In fact, the early dafaon paraconductivity above,
lies outside the regime of critical fluctuations. The latter issuggested that the width of the critical region wa6.5 K,

determined by the Ginsburg number in agreement with the Lobb predictidnHowever, it was
5 ) argued that the point where the system crosses over from
1 kTe 4| KTeA(0)& mean-field to fluctuation-dominated behavior could be lower
Gi= 2l 42 3 e 2 ' than expected from the traditional Ginsburg criterion, giving
HE(0)e£°(0) doe :

the critical region width of the order of 10 K. It is thus

with the usual notation of the Boltzmann consti&ntritical ~ important to probe the critical region with a different experi-
temperature T,, thermodynamic critical field H,(T), mental method.
Ginsburg-Landau(GL) coherence lengthé(T), and flux In this paper we report measurements of the remanent flux
quantum®,. In YBa,CuzO.5 (YBCO) with the known val-  creep done over a range of temperatures upTie-T
ues of GL penetration dept(0)=10"° cm, GL parameter <0.05 K, where it was experimentally possible to get into
k=\/é=100, and anisotropy ratic=m/M=1/7, the the usually inaccessible long-time limit of persistent current
number acquires the valu®i=1.5x10 2. In the tempera- relaxation. In the previous measurements of flux creep near
ture interval| T,— T|<GixXT,=1 K, whichis referredtoas T, ,19-12 the rangeT,—T<1 K was not resolved. The
the critical region, the fluctuations in the amplitude of thepresent results show that a sharp decrease in the creep acti-
order parametelny| are of the same order &g| itself. Out-  vation energyJ occurs in the rangd T<1 K, suggesting
side this region all the fluctuation degrees of freedom involvehat the critical region is being entered. A power-law time
only the phase of the order parameter, which can be dedecay of the persistent currents in the critical regjori P
scribed by fluctuations in the positions of the vortitdsis  indicates that the creep activation energy is a logarithmic
in this part of the phase diagram where an impressive nunmfunction of the current density = U,In(j./j), which can be
ber of theoretical results has been obtained and successfulgxplained easily, if the critical fluctuations are assumed to
applied to explain the abundant experimental data. generate vortex-antivortex pairs interacting via the familiar

By contrast, the critical region is at present a matter oflogarithmic potential and dissociating in the presence of the
debate with limited experimental results available. The maircurrent. But under this assumption, the mean-field energy
guestion is the universality class of the transition. In supporscale in the vortex pair potential has to be modified to fit the
of the initial idea of Lobb?’ there is growing evidence that 3D XY critical behavior to the observed temperature depen-
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dencejx(T.—T)2. The exponent in this power law is de- C. Magnetic field measurement
terr_mned experimentally with precisionr2%. This is the We used a HTSC superconducting quantum interference
main result of the present work. device (SQUID) magnetometer of noise limited sensitivity

~10"% G to measure the magnetic field of the currents cir-

culating in the sample. The sample holder with a small sur-

Il. EXPERIMENT rounding solenoid was positioned near the SQUID sensor
A. Samples (SQUID input coi) inside a liquid nitrogen cryostat, the typi-

, : . dcal distance between the sample and the sensor being
The YBCO films used in our experiments were prepare

by sputtering or by pulsed laser deposition on MgO ~1 cm. The cryostat was inside a three-layer mu-metal
'magnetic shield of shielding efficiency above 100 dB. Thus
LaAlO3, or SrTiO, substrates of size 2010 mnt. The su- g > y

.the stray field of the order of I8 G was negligible when

pe_rconducting tran.si'.ti.on temperature dgtermined by dc reS'?:'ompared with the field created in the film by the circulating
tivity or ac susceptibility methods was in the range 87-89 K¢, rents. The same was true for the field produced by the
with the width of transition abdul K or less. The films were SQUID at the surface of the sample, because the operating
of good epitaxial quality with the axis normal to the film field of the SQUID feedback coit 10*'2 G was decreased
plane. All the films showed similar behavior. The particularlos times due to the very small size of the feedback coil
;j_lata |?rteh§ested %elo:\a/vxiyofégs. 1-3 \II_V:;\? obtainel_d c;’v'tt)h th‘fwo.l mm) when compared with the distance to the sample.
ICm Od tIC r?,e_l‘ojﬁ o~ " c¢m on t03 s.tjhp?h[e y | After zero-field cooling and stabilizing the sample tem-
onauctus. € resistive measurements wi IS SaMP&serature belowT ., the current through the small solenoid

shovk\]/eg thewnarrowest superconductmgwtransmon of hahci/vas switched on. The external magnetic field perpendicular
V<V'_?_t Jl’Z_O.'Z K and terr;)p?raturﬁ'cR—Sg._O_ K (all'trr; to the film surface was increased up to a vaBg high
N 054t € reS|itance was below .t e sensitivity I enough to produce a critical state in most of the film, where
=107"R,, atT=Tc+ ATy, the resistance was half of the screening superconducting currents had a critical depgity
value_ R“ extrapolated from the linear part well above the The external field was then reduced to zero. A remanent flux
transition). parallel to the magnetizing field was trapped inside the film
due to the pinning of vortices. Accordingly, the supercon-
ducting currents of critical density continued to circulate in
the film in the direction opposite to the initial screening cur-
During the experiments the temperature of the sample Wagents. The required characteristic value of the magnetizing
controlled and stabilized in the range 77.5<K<95 K. field B, was~3 G at (T,.—T)~1 K, and increased pro-
For that purpose the sample was placed inside a cyIindricq}ortiona”y toj. up to 100 G at T,—T)=10 K. The mag-
copper block of thickness 3 mm and diameter 16 mm with &yetizing cycle took=20 s. The results reported here were

substrate was clamped to the copper surface, with a layer of

vacuum grease in between to improve the thermal contact. A
heater and a silicon diode temperature sensor were glued to
the outer flat surface of the copper cylinder with a thermally  To interpret the SQUID signal in terms of currents circu-
conductive varnish. The copper block was covered with dating in the sample, we approximated our square films by a
polystyrene thermal insulator, and this sample holder waglisc of radiusR=0.5 cm, and introduced cylindrical coor-
immersed in liquid nitrogen. When the heater was off, thedinates ¢, ¢,z) with thez axis perpendicular to the film, and
liquid filled the sample holder, but as soon as the heatef=z=0 in the center of the sample. Due to assumed axial
power was=0.02 W, the nitrogen inside the block evapo- symmetry, there was only a circumferential nonzero compo-
rated. The usual heater power to provide the desired tempergent of the current density vectq)&: j. The magnetic field
tures was~0.1 W, and the nitrogen vapor at atmosphericsensor was positioned on theaxis at a distance>R to
pressure served as a heat exchange gas inside the block. Th@asure the componeBt . In thin films the currents can be
geometry of the system and the standard data for the coppgieated as uniform in the direction(see, e.g., Ref. 33The
thermal conductivity 5 W/cm K permitted us to estimate theyalue B, can then be related to the currents by the formula
possible temperature gradients inside the blogK,,

=<5 mK. The noise limited sensitivity of the temperature
sensor was about 2 mK. The short tertac0 min) stabil-

ity during the flux decay runs was of the same order of mag-
nitude. The temperature instability during long runs, which
took up to 3 h, was<20 mK.

B. Temperature control

D. Interpretation of the SQUID signal

()

z

_ZWde jredr
T o(r2+22)3’2'

The critical current density was assumed to be indepen-

In special tests our temperature sensor was compared Witfns of the local density of trapped vortices. Thus in the
a calibrated silicon diode of absolute accurat$0 MK, o manent critical state we used the results of the theoretical
which determined the absolute accuracy of all reported temMg oo+ ar® which gave the density=j.=const forb=<r
perature values in the range 77—90 K. Note that the impor—SR where the penetration radius ¢
tant results were related to small changes of temperature,
which were measured with the accuracy of several
millikelvin, and the absolute accuracy of the critical tempera- R

ture did not matter. b= coshcByldmj.d)’
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The contribution to the integral in Eq1) from the central with a parametep<1 and a time scalg,, which could be

part of the film atr <R<z is small. Usually the penetration experimentally determined as nonzero only very closE.to

radius wasb~1 mm, and the contribution of the region  This type of decay has been reported before in several

<b was ~1%. We therefore assumgd-const and calcu- experiments:?> For not very long relaxation such that

lated the integral in Eq(1) to obtain the formula In(t/ty))<<1/p, the power-law dependence could be approxi-
mated by the well known logarithmic decay

_2ajd[ (R+ JREFZ R
B=—¢ ['n z TR 2| FIFo=1—pIn(1+t/ty).

It was used to calculate the current dengifom the SQUID  This occurred well belowl, where p<0.05 for the whole
signal F=B, at the known geometrical parametatsR,z. duration of the decay run. The temperature dependence of
Due to the approximations made, the data presented belothe fitting parametep is presented in Fig. 2 as the data on
give only the order of magnitude of the critical current den-the initial flux creep activation energy,/kT=1/p in agree-
sity. But since the relative position of the SQUID sensor andnent with theory discussed below. The large scatter of the
the sample was fixed, the accuracy of time and temperaturgxperimental points is due to a temperature instability during
dependences in which we are interested, were not compréhe long decay runs.
mised. The data on temperature dependence of the critical current
density j.=]j.(T) was obtained conveniently during the
E. Experimental procedure warming runs. After the magnetization and short relaxation
. o at some temperaturd@,<T., the heater power was in-
After Fhe magnetizing (_:ycle, we distinguished two typescreased, and for several minutes the sample was warmed
of experimental runs: an isothermal flux decay and a warmy, e the critical temperature. Throughout the warm up, the

uhp. During the ﬂlljzx decay run, tdhedifsoth_ermgl rela>|<at;on Ofmagnetometer continuously monitored the magnetic field of
the SQUID signaF (t) was recorded for time intervals from superconducting currenis(T) circulating in the film. The

several minutes up to 3 h. The remanent flux decay occurr arming rate of- 10 mK/s was fast enough to register non-
due to flux creep, and was equivalent to the decrease Q

) . . laxed densityj1(T)=.(T), as discussed in detail below.
circulating superconducting currents, and consequently th%he SQUID started to monitor the nonrelaxed currents when
measured field,. In these runs the data on the flux creep,

tivati —U(iT biained as di db he valuej;(T) was well below the relaxed value at the
activation energyJ—. (J,T) were obtained as IScussed be- starting temperaturd,. Typical experimental curves ob-
low. Typical experimental curves are presented in Fig. 1

o ; tained in the warming runs are presented in Figs. 2 and 3.
The magnetic signal followed a power-law time decay g P g

F 1 F. Temperature of the sample

Fo (1+t/ty)P To verify that the warming rate was adequate to give
j1(T)=j(T), and at the same time to check a possible tem-
5 perature difference between the sample and the copper block,

1.0 + <8
| / / / warming runs were done at various temperature ratesf
1 /2 3 /4 the measured copper block temperatdie. The starting
o .
L o8 7 - temperaturel'; was abotil K belowT.. The time constant
g _ ? {f of the magnetometer and the rest of the data acquisition sys-
® j / 5 tem was~0.2 s. The experiments showed that {h€T})
7 06 7 / dependence shifted as a whole to higher temperatures with
S - Z % / the shift sT,= T, in the range 10 mK/isT<40 mK/s, be-
g o O )T T=005K ing =90 mK atT,=40 mKi/s.
E ) f / e O 2T T=0.12K The analysis of the thermal conductivity equation shows
© ] / v 3)T.-T=0.15K that atT,=const the sample temperature follows the block
£ '/ )Te , . O :
S 02 // O 4T .-T=021K temperature with the same time derivative but shifted by the
// A ° characteristic timer; which is determined by the sample
| - Lt he hiah t h lsthf'Tzo'SZK heat capacity and the thermal resistance between the film and
0.0 | wpe g?e" rlon‘“t‘e rlg‘ t‘°f e\# ? T } | the surrounding copper block. The abovementioned data on

00 01 02 03 04 05 06 07 08 09 10 the experimentally observed shifiT,=T,7; gave us the
(t+t) P secP value 7;=2.2 s with an accuracy-10%. The sample tem-
perature could thus be determined during the warming runs

f T,<10 mK/s with precision limited only by the accurac
vicinity of T,=88.77 K. Experimental points represent the SQUID b P y oy y

signal F(t)=(t+to) P. The fitting parameters for the different Of the T, measurements, i.e., 2 mK. In fast runs B
curves are(l) p=0.78, t,=12 s, (2) p=0.34, t,=4 s, (3 p =10 mK/s, the error in dete_rmlnatlon of the sample tem-
=0.18, t,=0.3 s,(4) p=0.12, t,=0 s, (5) p=0.087,t,=0 s.  Perature was proportionally higher.

The normalization factor i§,=F(t=1.1 s), except3) Fo=F(t For any change of the block heating regime the sample
=4 s) and(5) Fy=1.3(t=2 s). The solid straight lines are the relaxed to the new regime with the same relaxation time
results of linear regression analysis of experimental data. Evidently, at T,=const the sample temperature was

FIG. 1. Remanent flux relaxation at various temperatures in th
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=T,. The dynamic temperature gradients inside the coppeperature sweeps which are linear in time. The result shows
block could be estimated to be at least 10 times smaller thathat the flux starts to unfreeze when the temperature ap-

the possible static gradient ;<5 mK. proachesT,, and the value
G. Creep freezing effect (dj) 5T [{T—Tl)
" . i=je4+|—] —
An additional experimental check of the sample tempera- SELARTT 1Tl X oTs )’

ture control was done during the experiments on the creep
freezing effect. Although this effect was reported earlier inwherej;, corresponds to the frozen flux signal&&T, .
experiments at low temperaturésee references in Ref),2 This discussion of the freezing-unfreezing effect confirms
we would like to discuss briefly how it occurred in the criti- that the sample temperature was well controlled with an ac-
cal region. An experimental run was as follows. The magnecuracy<10 mK. Note that the inhomogeneity of the sample
tizing cycle was made at the sample temperafi#€l;. At which could cause the critical current inhomogeneity is not
some moment of isothermal relaxation the heating powedetrimental to the sharp freezing-unfreezing effect because at
was decreased and the sample cooled. During this procesach point of the sample the initial differencg€j)/j. at
the film temperaturd could be determined with a sufficient the freezing start is the same, althoughandj can vary
accuracy from the measured block temperafligeas dis-  across the sample.
cussed above.

The flux creep relaxation rate responded sharply to the
decrease of temperature. Within the inten&l;=T,—T
=10 mK the flux relaxation rat¢dF/dt| dropped several A. Nonlinear diffusion equation

times, and at still lower temperatures became practically L . .
zero. At (T,—T)>0.2 K in the range of 0.3 K(T.—T,) The trapped flux relaxation is determined by the nonlinear

TR i : 13
<1 K, the magnetic flux was completely frozen inside thedlffusmn equation(NDE) for currents and field$® For a

. late in a parallel magnetic field, the NDE has been sdfved
sample, and the SQUID showed a constant field for hoursgxactly in the case of a logarithmic barrier="UIn(j./j)

After the freezing stage the temperature of the sample was o=U,/kT>1. The solution yields a power-law time

raised, usually at the same rafg | = const as during cooling decayj/j .= (1+t/ty) Y~ with a macroscopic time scatg.
(1-10 mK/g. The SQUID signal remained stationary within ag can be seen in Fig. 1, that is the type of decay observed
the sensitivity limit (0.1%9 until the risipg. temperature experimentally with the fitting parameter=1/o. To verify
reached the valug=T,—10 mK. Then within an interval  the yajidity of the solution and to calculate the time constant
=10 mK the flux creep recovered its initial vall@F/dt|; ¢ in our case, we have to derive and solve the NDE for a
which occurred before freezing, and as the temperature Cofjym magnetized in a perpendicular field. We suppose that a
tinued to grow linearly with time, the signal dropped expo- so|ution of this problem for a thin disc can give us a quali-
nentially for several seconds more, finally approaching mUCfﬂativer correct description of the observed phenomena.
lower values corresponding to the lowgrat elevated tem- The NDE is determined by the Maxwell equations and the
peraturesT>T,. _ _ nonlinear relation between the current density and the elec-
The creep freezing effect can be explained easily. Fofrica) field E=E(j). The axial symmetry provides the only
algebraic simplicity the logarithmic time decay relatipdc  nonzero circumferential components of b&trandj vectors,
=1-plin(t/ty) att>t, andp<1 is used. Then the creep rate which are uniform in the direction in thin films. Therefore,

Ill. ANALYSIS OF RESULTS

IS the Maxwell equations give
1 dj o |
.——J:—Bz—Bex%—JC.J). A7 9j J[1I(rE)
jedt L Pl Aot a

Suppose at some moment the temperature starts to decrease
fast, and the currents in the samplgtay approximately con- To construct the nonlinear relatida=E(j), we follow the
stant, but the valug. grows. Then one can write for a small line of ideas proposed in Ref. 15. The vortex drift velocity
increase 8)=j(T)—jc(T1)<jc(T1)=jc: the relation v=vee Yk is introduced for a thermally activated motion
dj/dt=(dj/dt)exp(—dj/pj.). where @j/dt), is the decay of vortices with a characteristic velocityy~cj.pn/Hca
rate just before freezing started. Figr<(T.—T)? and 6T ~10° cm/s for a free vortex flow without pinning.The
=T,—T, one hasdj/j.,=26T/(T.—T,;) and logarithmic barrier relationld =UyglIn(j./j), which also de-
fines the theoretical parametgr, givesv=uvy(j/j.)?. Fol-

dj (dj p( 28T p RS, 9 oli/jc)

= exp — ——

1 p(TC_Tl)

e N ) lowing Ref. 1 the electrical field is assumed to be propor-
dt \dt
It is clear that a relatively small decrease in temperature 4
o

tional to the vortex drift velocity. This leads to the relation
6T>0 can result in a great drop of the relaxation rate, be- E= —vod(.J—
causep<1. For (T.—T4)=1 K the valuep=0.02, and the c? Je
characteristic temperature interval becomé3;=p(T,
—T,)/2=10 mkK, in good agreement with the experimental where an additional factor | appears because the magnetic
observations. The relation fatj/dt can be integrated easily field in the film is generated by the current itself. This rela-
for the whole freezing-unfreezing cycle in the case of tem-ion forms the basis of the present model to derive the NDE

o

j 1
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T T T T T 120 B. Critical current
, '\\:— i U KT right scale BB w00 The differential equation for the time dependent paft)
o " J E follows from Eq.(2):
$ P | S - > A
< n\% — 0 5 dj; Jl(]l)a @
- Ll n q:.) — . — _, — .
L %.. Lll\l 60 “C’ dt tO JC
€ —— s = 8 . . . . .
g 1 — ’\% e, g It leads to a relation between the varialple=j,(t) which is
3 X [ w0 S measured during the warming runs, and the theoretical pa-
:§ - g rameterj.=j.(t). For the constant warming rate the de-
5 O J_ leftscale A 5 ; 2
° 1 c \ 20 ° pendence ;o (7,—t)° is observed over a range ofl K
%% - nearT.. The duration of the run is,=(T.—T,)/T, where
0 o the starting temperaturg; <T.. To satisfy Eq.(4), one has
78 80 82 84 86 88 to put
Temperature (K) U y
y _ [ mmt) T T T
FIG. 2. Temperature dependence of the critical current density jc=J1 p =1 — = > (5)
jc and the relative creep activation enerdy/kT, determined as 2ty 2t T

described in the text. The experimental error fpodata is less than

the symbol size. The solid lines are guides to the eye. where o is also a function of temperature and consequently

time during the warm up. When the temperature is not very
close toT. ando>1 it leads to

@ R T P
j1=]c 1—;In - .
Away from the disc center, an approximate solution of
Eq. (2) can be found by separation of variablgs

=]j,(t)g(r) in the case of constan¥>1 and uniformj.
=const. The solution of the lowest decay rate is

Jj a(l a(rj "”/J‘c’))
—=pod—| - ————/.
ot oar\r ar

(6)

Due to high values o at (T,—T)~1 K, we havej;=|.

with an accuracy~5% or better for fast warming T(
=10 mK/s). As the temperature goes Uip~T., and the
logarithm in Eq.(6) decreases, so does the denominator
Actual data ornr were used with Eq5) to calculate the ratio
ji!jc- These calculations showed that the measured value
' 3) wasj=j. accurate to~5% down toT.— T=0.2 K. Closer

to T, the analysis became complicated, and it was left for
, ) future investigations.
where the time scale constatit=R/(3vod)~3 s. A fast The fast warming runs proved experimentally tHat
relaxation from the initial state after the magnetizing cyclezjcy because the observed dependej¢@) did not vary
j(t=0)=j, to the profilej/jc=g(r)=[(r/R)(2—r/R)I*"  \yith the warming rate if we took into account the shift be-
<1 atb=<r<R, occurs during the interval<to/c. After  tyeen the measured temperature of the copper blgcknd
that Eqg. (3) is valid, and the space profile remains un-the sample temperatuf® During a slow warm up with the

changed. It should be noted that foe-1 the space part rateT<1 mK/s, the measured valupgT) were lower than
function g=1 except very close ta=0, e.g., atr=b ¢, e fast runs, especially near the critical temperature

~0.R ando =50, one hag f3'97' ) . wherej, turned down to zero af<T..
The time dependencg«t™ ' att>t; agrees well with

experiment. The important parameter U,/kT=1/p is de-
termined by fitting. The experimental data in this part are
presented in Fig. 2. Although the formula fpy(t) is ob- To analyze the influence of sample inhomogeneity on the
tained under the conditioa> 1, further analysis shows that warming run data, we suppose that it causes local changes of
in the peripheral part of the disc at &5/R<1 itis approxi-  Critical temperature, but the functional dependenie
mately valid down too~ 1. This periphery is actually the =jc(Tc—T) remains the same. It is assumed that the maxi-
part of the sample which gives the main contributionmum critical temperature i§., and the values of critical
(=90%) to the SQUID signal. Therefore the power-law timetemperature at different points of the sample are in an inter-
decay is observed down to low valueswof 1/p as shown in ~ val AT below T.. The inhomogeneity is characterized by a

1o

(r/R)(2—r/R)
1+ at/t)

1=]c

C. Sample inhomogeneity

Fig. 1. distribution functionf(x) such that the contribution to the
A small time constant,=t{/o, could not be resolved SQUID signal from the parts of critical temperatufg="T,
experimentally except very close Tq. The theoretical esti- —XAT is «f(x)dx with 0O<x<1 and the normalization con-

mates oft, are in fairly good agreement with experiment, dition [3f(x)dx=1. Actually, f(x) is proportional to an in-
taking into account a very crude estimatetyf where the tegral of the factor/(r2+2%)%2 over the film volume with
possible temperature dependencevgfis neglected. More- the critical temperatur@, , as follows from Eq(1).

over, sample inhomogeneity only allows an order of magni- For all reasonable functiorjs(T.—T), the relative influ-
tude comparison, as will be briefly discussed later. ence of the inhomogeneity decreasesTat<T)>AT. Fig-
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ure 3 suggests thgte (T.—T)?2. Therefore, the SQUID sig-
nal at the temperatur€<T.— AT is proportional to

F(T)= [ 100(TemxAT =T (T2 =T 24 (AT

where the new parameters are
T*=T.—1,AT and AT*=/l,—I%AT,

with the distribution moments

1 1
I1:J xf(x)dx and I2:J x2f(x)dx.
0 0

The functional dependende(T) below (T.—AT) is deter-
mined by two parameters onl{;y and AT*, and at {Tg
—T)>AT* one obtains a straight lingF=(T*—T). Ex-
trapolating this straight line t& =0, one obtains the param-
eterT , as shown in Fig. 3.

Closer toT. where T>T.— AT, the upper limit in the
integralsl, andl, is a function ofT. Instead of unity, the
upper limit isx,=(T,—T)/AT<1, and the functior(T)
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sponds to the 30% sharp peaKTat and the rest spread as a
broad peak of width=0.06 K positioned nearT =T,
—0.10 K.

As can be seen in Fig. 3, the fit is very good. The experi-
mental data are exactly on the straight line in coordinates
(VF,T) well below T* showing that locallyj . (T.—T)>2.
Although the experimental data deviate from the straight line
asT approached, the deviations are well described by the
same temperature dependencg of one takes into account
the inhomogeneity of the critical temperature. All studied
samples, prepared by different methods on different sub-
strates, exhibited the same quadratic behajion(T¥ —T)?2
in the rangel .— T<2 K. The temperatur&. determined as
the signal zero point was in the range 87—-89 K. The differ-
ence between the extrapolated vall and T, was (T
—T%)<0.2 K. The functionF(T) varied from sample to
sample in the interval around and aboVg. We strongly
believe that these experimental data prove the quadratic de-
pendencej < (T.—T)? with high precision in spite of the
critical temperature inhomogeneity0.1 K.

In Fig. 3 the solid straight line passing through experi-
mental points in the range 0.3 K(T.—T)<1.1 K, is the

reveals more information about the distribution functionresult of linear regression analysis of the experimental data

f(x). Figure 3 suggests that there is a sharp peak(xf at
x=0 of integral intensityA=f(XJlf(x)dx, where X;<Xp,.
Therefore asT— T, the flux is proportional to~=A(T,

—T)2. The data presented in Fig. 3 were fitted to the inho

mogeneity hypothesis with the parametefs=0.30, I,
=0.59, 1,=0.55, AT=0.134 K. This fitting set corre-
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FIG. 3. Temperature dependences\& in the critical region.

The SQUID signaF is presented in units of uniform current den-

sity in the sample as in Fig. 2. The resultsTat-T<0.3 K are also

in this interval. The deviations from the straight line are less
than 0.1%. We checked the accuracy of the pogér the
dependencg .« (T.—T)? having plotted the experimental

data in coordinatesH®, T) and repeating the linear regres-

sion analysis. The deviations increased with the increasing
difference|q—2|. Summarizing the results of this analysis
and taking into account the accuracy of critical current and
temperature measurements, we can write down the experi-
mentally determined valug=2.00*=0.05. That is the main
result of the present work.

To analyze the formation of the time dependent SQUID
signal in the presence of sample inhomogeneity is more dif-
ficult. We could do it only for smooth and weak variations of
the critical current densityj .(r) <(j.) and the creep param-
eterdo(r)<(o). Equation(2) was solved approximately for
o>1. A solution similar to Eq(3), but with parameter$,
=j.(r) ando=0c(r) was obtained. From Ed1) followed
that the time dependence of the SQUID signal approximately
retained its formF(t)o«(1+1t/ty) P, but the fitting param-
etersto=t(/( o), andp=(o), * might correspond to the dif-
ferently averaged value&o); and (o),. The problem of
magnetic flux relaxation in the case of strong space varia-
tions 8j(r) and 8o (r) nearT; is much more complicated,
and we leave it for the future studies. As curves 2 and 3 in
Fig. 1 show, even in this case the magnetic field of circulat-
ing superconducting currents at a distance from the film
demonstrates a simple power-law time decay. Curve 1 in Fig.

presented on an enlarged4 scale. The lower data curve is asso- 1 is measured so close % that some parts of the sample

ciated with the lefty axis and bottonx axis, the upper curves are
associated with the right axis and topx axis. Note the shift of

origin for the righty axis. Different symbols correspond to different
warming runs after magnetizing cycles at indicated temperature
The straight solid lines are the result of linear regression analysis

experimental data taken in the range 0.XK,—T<1.1 K. The

are already in the normal state. But as the above analysis for
j<(T) showed, the remaining superconducting part is charac-

gerized by a very uniform critical temperature, and conse-
Auently a uniform creep activation energy. Therefore, with-

out complications due to inhomogeneity one can deduce that

solid curve is the result of calculations with formulae and fitting the superconducting current decaysjag Y, even foro

parameters presented in the text in Sec. Il C.

=Uo/KT=1.
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IV. DISCUSSION For bulk samples it is considered constankT. up to T,

In this section we use the notation for the reduced temltself' We suggest that the sharp bend in the cUy€T) at

peraturef=(T.—T)/T,, and introduce the energy scale for (.TC—T)~1 K indicates that the region of critical fluctua-
vortices tions has been entered.

A plausible hypothesis about the mechanism of critical
D, |2 H2E2 fluctuations in the context of flux creep is a generation of
€0= (_0) S 7) vortex-antivortex pairs, which dissociate due to the opposite
4\ 2 sign of the Lorentz force in the presence of the current. The
antivortex annihilates with a pinned vortex present in the
ns’ample. The newly born vortex drifts to a neighboring meta-
stable state in the pinning potential, an elementary step of the
flux creep process being thus realized. In this process the
creep activation energy is determined not by the pinning po-
L 4 ce _ cPox ®) tential but by the energy to generate the vortex-antivortex
Jo 33 &Py 2083 pair. Following Ref. 1 we suppose that the energy to create a
vortex-antivortex pair separated by a distaxceé and di-
We start with the range#d~0.1 where the mean-field GL rected perpendicular to the current flow is
theory is valid. The GL penetration depit(6=0.1)=3
X10°° cm is close to the experimental values measured in
Refs. 6,16, and one can estimajg(#=0.1)=3x 10 U(x)=2¢,d In(g
Alcm?. The collective pinning theory in the single vortex
regime with 5T, pinning in the case of nonoptimal doping It should be noted that the logarithmic dependence in the first
gives the value§.=jo(10*6) “3~0.1j, at 6~0.1 in agree- term is valid forx<\ in the bulk samples, and up t%
ment with experiment. The theoretical estimates of the pin=A¢; in thin flms. The activation energy for the current-
ning barrier U, in the same temperature range doe  assisted thermal unbinding is given by the maximum value
~kT,, significantly lower than the experimental valugg  of U(x) at the distance,,=2.7¢(j./j) as
~10T. Note that the experimental results drobtained in
the rangef~0.1 in Refs. 10,12 agree with the current data
within experimental errors.
There is a simple reason why the theory developed in Ref.
1 either for single-vortex pinning or for pinning of vortex where the critical current density i$.=ceq/(2.76P)
bundles cannot be applied to calculate the creep barriers i 0.5)5. One can see that the present hypothesis explains the
thin films. As was shown in Ref. 17, in thin films with  logarithmic dependence of the flux creep activation barrier
>d the interaction of vortices occurs via a magnetic fieldon the current density, and consequently the observed power-
outside the superconductor. Thus, instead of the interactiolaw time decay of the superconducting currents. The GL for-
Vin~e ¥, sharply decreasing at a distance\ due tothe mulas(7),(8) can be used to extrapolate the low-temperature
screening effect of superconducting currents, one Wigs Values to the border of the critical region to obtain theoretical
~1/x at x>\eg=A2/d. Due to this long-range interaction, estimates both fofo=10° A/cm? andU,=2e,d=14KT at
all the vortices are involved in the motion of one of them #=0.01 K. The corresponding experimental values are
during the flux creep. At the same time the adjustment of théower: ~10 times forj. and~3 times forU,. We suppose
vortex core to the pinning potential which determines thethat the logarithmic function in Eq(9) is correct but the
critical current, occurs without disturbing the neighbors be-factor in front of the logarithm, which was obtained in the
cause of the very high ratio of/¢&. Hence the single vortex mean-field theory, should be modified due to critical fluctua-
pinning theory is valid fofj; but fails forU. In the present tions.

which is essentially the superconducting condensation e
ergy within the normal core of radius & and unit length,
and the GL depairing current

2d,jd

X. (9)

U= 260d |n<JJ_C) y

experiments a~0.1, the penetration depth=d, and to To compare Eq.(9) with experiment in a region still
some extent the long range vortex interaction is relevant. Igloser to T,, one needs theoretical estimates in the
becomes even more important whergrows asT—T,. fluctuation-dominated critical regime. It is well established

As follows from the mean-field pinning theotyj. theoretically that the crossover upon approachings ini-
*jo8 Y3 9”8 The last relation indicates thit should de- tially to the intermediate critical regime of a weakly charged
crease approximately linearly with temperature in the relasuperfluid where the fluctuations inare essentially those of
tively narrow interval 10'=6=10"3. As one can see in an uncharged superfluid &Y model® In this regime, it is
Fig. 2, it might be a very crude approximation for-0.05,  showri® that in three dimensions the coherence length di-
but it is evidently wrong ab=0.01. The temperature depen- verges aséx 6~ 2° the superfluid density scales ag<¢ !
dence of the creep activation enefdy also indicates thatin = 62", and the penetration depth scaleshasp *%< 6~ 2,
that range the creep mechanism changes. In spite of largéne last result has been confirniedy direct microwave
scatter of data in Fig. 2 one can see a sharp bend to a steepeasurements of the penetration depth neadown to 6
drop in U, at 6=0.01. At #<0.01 the creep barrier is ap- =10"3. The specific heat measureméntsare consistent
proximately proportional to the reduced temperature, buwith the XY model critical exponeniw=0. As has been
other exponenty~1 in Uyx¢’, are also possible due to shown by Lobl?, an immediate consequence of this result is
large experimental errors. In the published mean-field theothat the thermodynamic critical field . 6, just as in the GL
ries there is no indication how the creep barrier turns to zeratheory. Both forms of the GL relation in Eq7) give the
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result for the vortex energy,> 6% It has been argued in <1 K. This estimate for the critical region width is con-
Ref. 9 in very general terms that in the intermediate criticalfirmed by the differenc&AT=0.5 K between the middle of
regime the characteristic current, which plays the role of thehe resistive transition and tHe. defined as the temperature
mean-field depairing current, scales gscé 2< 6%, The  above which both the critical current and the creep barrier
same result follows from the GL formula in E€B), if one  are zero. Considering the ambiguity in the width of the criti-
just substitutes the proper scaling for all parameters. cal region previously discussed in literature, the present re-

The comparison ofyx #%® with the experimental tem- sults support the traditional Ginsburg criteriohT=Gi
perature dependence bfy(T) at T.—T<1 Kis inconclu- XT,=1 K.
sive due to large experimental errors. But the accurate mea- The power-law time decay of the superconducting cur-
surements of the critical currenftx6? definitely disagree rents in the critical region implied that the creep activation
with the scalingj oo 6*2. energy depended logarithmically on the vajudhis result

The hypothesis of critical vortex-antivortex generationsuggested that the critical fluctuations generated vortex-
can be saved by a conjecture that the energy factor in front antivortex pairs, but the mean-field energy scale in the vortex
the logarithm in Eq.(9) should be modified. This formula pair potential had to be modified to fit the scaling of the 3D
follows from the mean-field theory. The second tempis XY model to the observed temperature dependence of the
determined by the Lorentz force, and evidently the fluctuacritical currentj o (T.—T)2.
tions do not change it. But the vortex-antivortex pair inter- We note that a theory of fluctuation-dominated flux creep
action could be changed by fluctuations, more and more sigs not developed, and many questions about the interpretation
nificantly asT—T.. To account for this, one triesy—ve,  of experimental data remain unresolved. Among them is a
in Eq. (9), introducing a factow= v(6). Fitting the present fundamental question about the applicability of 3I¥ scal-
data givesr~0.3 atd=0.01. An assumptiomx 6?°yieldsa  ing in the case of remanent flux creep. The scaling behavior
fairly good agreement for thel,=2ve,dx 63 and a per- of a weakly charged superfluid was obtained for a zero-field
fect fit to the critical current scaling.> vey/&x 6. At this  phase transition, whereas the remanent flux creep is intrinsi-
stage, in the absence of a flux creep theory in the criticatally associated with a finite magnetic field decreasing to
region, we cannot offer any reasons why the vortex-zero only at the critical point itself. Further investigations are
antivortex interaction should be modified as discussed abovéequired to resolve this subtle question.
Actually, the purpose of our discussion is to stimulate theo-
retical effort in this area.
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