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Remanent flux creep in YBa2Cu3O72d films in the critical region
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The remanent magnetic flux creep in YBa2Cu3O7-d thin films was investigated in the vicinity of the critical
temperatureTc . 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 densityj c and the creep
activation energyU were extracted. A sharp decrease ofU at temperaturesTc2T&1 K was related to critical
fluctuations. In this critical region a power-law time decay of the currentsj }t2p was observed and explained
by the logarithmic dependenceU5U0ln(jc /j) for the current-assisted thermal unbinding of vortex-antivortex
pairs generated by the critical fluctuations. In the critical region, the temperature dependencej c}(Tc2T)2 was
observed. A possibility to relate this result to the critical behavior of the three-dimensionalXY model is
discussed.@S0163-1829~98!07545-6#
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I. INTRODUCTION

Studies of magnetic flux vortices occupy an outstand
place in the history of high-temperature superconduc
~HTSC’s!. The tremendous theoretical effort was summ
rized in the monumental review by Blatteret al.1 Thermally
activated motion of vortices, so called flux creep became
its own right, an important part of HTSC research. Expe
mental studies of flux creep were reviewed in a recent pa
by Yeshurunet al.2 Most of the work was done in the regio
of the magnetic field—temperatureB-T phase space, which
lies outside the regime of critical fluctuations. The latter
determined by the Ginsburg number
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with the usual notation of the Boltzmann constantk, critical
temperature Tc , thermodynamic critical field Hc(T),
Ginsburg-Landau~GL! coherence lengthj(T), and flux
quantumF0 . In YBa2Cu3O7-d ~YBCO! with the known val-
ues of GL penetration depthl(0).1025 cm, GL parameter
k5l/j.100, and anisotropy ratio«5Am/M.1/7, the
number acquires the valueGi.1.531022. In the tempera-
ture intervaluTc2Tu,Gi3Tc.1 K, which is referred to as
the critical region, the fluctuations in the amplitude of t
order parameterucu are of the same order asucu itself. Out-
side this region all the fluctuation degrees of freedom invo
only the phase of the order parameter, which can be
scribed by fluctuations in the positions of the vortices.1 It is
in this part of the phase diagram where an impressive n
ber of theoretical results has been obtained and success
applied to explain the abundant experimental data.

By contrast, the critical region is at present a matter
debate with limited experimental results available. The m
question is the universality class of the transition. In supp
of the initial idea of Lobb,3 there is growing evidence tha
PRB 580163-1829/98/58~21!/14609~8!/$15.00
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YBCO exhibits critical behavior of the three-dimension
~3D! XY model, in which case its superconducting transiti
belongs to the same universality class as the superfluid t
sition in liquid 4He. Measurements of the specific heat4,5 and
microwave penetration depth in zero field6,7 were consistent
with the critical behavior of the 3DXY model. In Refs. 5,6
the experimental data were fitted to theory over the temp
ture rangeDT.10 K nearTc .

This value is evidently too large when compared with t
width of the superconducting transition in zero fieldDT
,1 K. In fact, the early data8 on paraconductivity aboveTc
suggested that the width of the critical region was.0.5 K,
in agreement with the Lobb prediction.3 However, it was
argued9 that the point where the system crosses over fr
mean-field to fluctuation-dominated behavior could be low
than expected from the traditional Ginsburg criterion, givi
the critical region width of the order of 10 K. It is thu
important to probe the critical region with a different expe
mental method.

In this paper we report measurements of the remanent
creep done over a range of temperatures up toTc2T
<0.05 K, where it was experimentally possible to get in
the usually inaccessible long-time limit of persistent curre
relaxation. In the previous measurements of flux creep n
Tc ,10–12 the rangeTc2T,1 K was not resolved. The
present results show that a sharp decrease in the creep
vation energyU occurs in the rangeDT&1 K, suggesting
that the critical region is being entered. A power-law tim
decay of the persistent currents in the critical regionj }t2p

indicates that the creep activation energy is a logarithm
function of the current densityU5U0ln(jc /j), which can be
explained easily, if the critical fluctuations are assumed
generate vortex-antivortex pairs interacting via the famil
logarithmic potential and dissociating in the presence of
current. But under this assumption, the mean-field ene
scale in the vortex pair potential has to be modified to fit
3D XY critical behavior to the observed temperature dep
14 609 ©1998 The American Physical Society
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dencej c}(Tc2T)2. The exponent in this power law is de
termined experimentally with precision;2%. This is the
main result of the present work.

II. EXPERIMENT

A. Samples

The YBCO films used in our experiments were prepa
by sputtering or by pulsed laser deposition on Mg
LaAlO3 , or SrTiO3 substrates of size 10310 mm2. The su-
perconducting transition temperature determined by dc re
tivity or ac susceptibility methods was in the range 87–89
with the width of transition about 1 K or less. The films were
of good epitaxial quality with thec axis normal to the film
plane. All the films showed similar behavior. The particu
data presented below in Figs. 1–3 were obtained with
film of thicknessd5331025 cm on LaAlO3 supplied by
‘‘Conductus.’’ The resistive measurements with this sam
showed the narrowest superconducting transition of h
width DT1/2.0.2 K and temperatureTcR.89.0 K ~at T
<TcR the resistance was below the sensitivity limitR
.1024Rn , at T5TcR1DT1/2 the resistance was half of th
value Rn extrapolated from the linear part well above t
transition!.

B. Temperature control

During the experiments the temperature of the sample
controlled and stabilized in the range 77.5 K,T,95 K.
For that purpose the sample was placed inside a cylindr
copper block of thickness 3 mm and diameter 16 mm wit
recess for the sample in the middle of the block. The fi
substrate was clamped to the copper surface, with a laye
vacuum grease in between to improve the thermal contac
heater and a silicon diode temperature sensor were glue
the outer flat surface of the copper cylinder with a therma
conductive varnish. The copper block was covered with
polystyrene thermal insulator, and this sample holder w
immersed in liquid nitrogen. When the heater was off,
liquid filled the sample holder, but as soon as the hea
power was>0.02 W, the nitrogen inside the block evap
rated. The usual heater power to provide the desired temp
tures was;0.1 W, and the nitrogen vapor at atmosphe
pressure served as a heat exchange gas inside the block
geometry of the system and the standard data for the co
thermal conductivity 5 W/cm K permitted us to estimate t
possible temperature gradients inside the blockdTb1
&5 mK. The noise limited sensitivity of the temperatu
sensor was about 2 mK. The short term (t,10 min) stabil-
ity during the flux decay runs was of the same order of m
nitude. The temperature instability during long runs, wh
took up to 3 h, was,20 mK.

In special tests our temperature sensor was compared
a calibrated silicon diode of absolute accuracy650 mK,
which determined the absolute accuracy of all reported t
perature values in the range 77–90 K. Note that the imp
tant results were related to small changes of temperat
which were measured with the accuracy of seve
millikelvin, and the absolute accuracy of the critical tempe
ture did not matter.
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C. Magnetic field measurement

We used a HTSC superconducting quantum interfere
device ~SQUID! magnetometer of noise limited sensitivit
;1026 G to measure the magnetic field of the currents c
culating in the sample. The sample holder with a small s
rounding solenoid was positioned near the SQUID sen
~SQUID input coil! inside a liquid nitrogen cryostat, the typ
cal distance between the sample and the sensor b
;1 cm. The cryostat was inside a three-layer mu-me
magnetic shield of shielding efficiency above 100 dB. Th
the stray field of the order of 1026 G was negligible when
compared with the field created in the film by the circulati
currents. The same was true for the field produced by
SQUID at the surface of the sample, because the opera
field of the SQUID feedback coil,1022 G was decreased
105 times due to the very small size of the feedback c
('0.1 mm) when compared with the distance to the sam

After zero-field cooling and stabilizing the sample tem
perature belowTc , the current through the small soleno
was switched on. The external magnetic field perpendicu
to the film surface was increased up to a valueB0 , high
enough to produce a critical state in most of the film, whe
screening superconducting currents had a critical densityj c .
The external field was then reduced to zero. A remanent
parallel to the magnetizing field was trapped inside the fi
due to the pinning of vortices. Accordingly, the superco
ducting currents of critical density continued to circulate
the film in the direction opposite to the initial screening cu
rents. The required characteristic value of the magnetiz
field B0 was ;3 G at (Tc2T);1 K, and increased pro
portionally to j c up to 100 G at (Tc2T).10 K. The mag-
netizing cycle took.20 s. The results reported here we
independent of the exact values ofB0 or the ramp rate.

D. Interpretation of the SQUID signal

To interpret the SQUID signal in terms of currents circ
lating in the sample, we approximated our square films b
disc of radiusR50.5 cm, and introduced cylindrical coor
dinates (r ,w,z) with thez axis perpendicular to the film, an
r 5z50 in the center of the sample. Due to assumed a
symmetry, there was only a circumferential nonzero com
nent of the current density vectorj w5 j . The magnetic field
sensor was positioned on thez axis at a distancez.R to
measure the componentBz . In thin films the currents can be
treated as uniform in thez direction~see, e.g., Ref. 13!. The
valueBz can then be related to the currents by the formu

Bz5
2pd

c E
0

R jr 2dr

~r 21z2!3/2
. ~1!

The critical current density was assumed to be indep
dent of the local density of trapped vortices. Thus in t
remanent critical state we used the results of the theore
treatment14 which gave the densityj 5 j c5const for b<r
<R, where the penetration radius

b5
R

cosh~cB0/4p j cd!
.
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The contribution to the integral in Eq.~1! from the central
part of the film atr !R,z is small. Usually the penetratio
radius wasb;1 mm, and the contribution of the regionr
<b was ;1%. We therefore assumedj 5const and calcu-
lated the integral in Eq.~1! to obtain the formula

Bz5
2p jd

c F lnS R1AR21z2

z D 2
R

AR21z2G .

It was used to calculate the current densityj from the SQUID
signal F[Bz at the known geometrical parametersd,R,z.
Due to the approximations made, the data presented be
give only the order of magnitude of the critical current de
sity. But since the relative position of the SQUID sensor a
the sample was fixed, the accuracy of time and tempera
dependences in which we are interested, were not com
mised.

E. Experimental procedure

After the magnetizing cycle, we distinguished two typ
of experimental runs: an isothermal flux decay and a wa
up. During the flux decay run, the isothermal relaxation
the SQUID signalF(t) was recorded for time intervals from
several minutes up to 3 h. The remanent flux decay occu
due to flux creep, and was equivalent to the decrease
circulating superconducting currents, and consequently
measured fieldBz . In these runs the data on the flux cre
activation energyU5U( j ,T) were obtained as discussed b
low. Typical experimental curves are presented in Fig.
The magnetic signal followed a power-law time decay

F

F0
5

1

~11t/t0!p

FIG. 1. Remanent flux relaxation at various temperatures in
vicinity of Tc588.77 K. Experimental points represent the SQU
signal F(t)}(t1t0)2p. The fitting parameters for the differen
curves are~1! p50.78, t0512 s, ~2! p50.34, t054 s, ~3! p
50.18, t050.3 s, ~4! p50.12, t050 s, ~5! p50.087, t050 s.
The normalization factor isF05F(t51.1 s), except~3! F05F(t
54 s) and~5! F051.3F(t52 s). The solid straight lines are th
results of linear regression analysis of experimental data.
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with a parameterp,1 and a time scalet0 , which could be
experimentally determined as nonzero only very close toTc .
This type of decay has been reported before in sev
experiments.1,2 For not very long relaxation such tha
ln(t/t0)!1/p, the power-law dependence could be appro
mated by the well known logarithmic decay

F/F0.12p ln~11t/t0!.

This occurred well belowTc where p<0.05 for the whole
duration of the decay run. The temperature dependenc
the fitting parameterp is presented in Fig. 2 as the data o
the initial flux creep activation energyU0 /kT51/p in agree-
ment with theory discussed below. The large scatter of
experimental points is due to a temperature instability dur
the long decay runs.

The data on temperature dependence of the critical cur
density j c5 j c(T) was obtained conveniently during th
warming runs. After the magnetization and short relaxat
at some temperatureT1,Tc , the heater power was in
creased, and for several minutes the sample was war
above the critical temperature. Throughout the warm up,
magnetometer continuously monitored the magnetic field
superconducting currentsj 1(T) circulating in the film. The
warming rate of;10 mK/s was fast enough to register no
relaxed densityj 1(T). j c(T), as discussed in detail below
The SQUID started to monitor the nonrelaxed currents wh
the value j 1(T) was well below the relaxed value at th
starting temperatureT1 . Typical experimental curves ob
tained in the warming runs are presented in Figs. 2 and

F. Temperature of the sample

To verify that the warming rate was adequate to g
j 1(T). j c(T), and at the same time to check a possible te
perature difference between the sample and the copper b
warming runs were done at various temperature ratesṪb of
the measured copper block temperatureTb . The starting
temperatureT1 was about 1 K below Tc . The time constant
of the magnetometer and the rest of the data acquisition
tem was;0.2 s. The experiments showed that thej 1(Tb)
dependence shifted as a whole to higher temperatures
the shiftdTb}Ṫb in the range 10 mK/s<Ṫ<40 mK/s, be-
ing .90 mK at Ṫb540 mK/s.

The analysis of the thermal conductivity equation sho
that at Ṫb5const the sample temperature follows the blo
temperature with the same time derivative but shifted by
characteristic timet1 which is determined by the sampl
heat capacity and the thermal resistance between the film
the surrounding copper block. The abovementioned data
the experimentally observed shiftdTb5Ṫbt1 gave us the
valuet152.2 s with an accuracy.10%. The sample tem
perature could thus be determined during the warming r
of Ṫb,10 mK/s with precision limited only by the accurac
of the Tb measurements, i.e., 2 mK. In fast runs ofṪb
>10 mK/s, the error in determination of the sample te
perature was proportionally higher.

For any change of the block heating regime the sam
relaxed to the new regime with the same relaxation timet1 .
Evidently, at Tb5const the sample temperature wasT

e



p
ha

ra
ee
in

ti-
ne

we
ce
t

th

l
al

he
ur
w

in

co
o
uc

Fo

te

re
-
ll

ur
be

ta
y
m

ws
ap-

ms
ac-
le
ot
e at

ear

d

e

ved

ant
r a
t a
li-

the
lec-
y

ity
n

or-
n

tic
la-
DE

14 612 PRB 58I. P. KRYLOV, E. J. MARITZ, AND E. B. NYEANCHI
5Tb . The dynamic temperature gradients inside the cop
block could be estimated to be at least 10 times smaller t
the possible static gradientsdTb1&5 mK.

G. Creep freezing effect

An additional experimental check of the sample tempe
ture control was done during the experiments on the cr
freezing effect. Although this effect was reported earlier
experiments at low temperatures~see references in Ref. 2!,
we would like to discuss briefly how it occurred in the cri
cal region. An experimental run was as follows. The mag
tizing cycle was made at the sample temperatureT5T1 . At
some moment of isothermal relaxation the heating po
was decreased and the sample cooled. During this pro
the film temperatureT could be determined with a sufficien
accuracy from the measured block temperatureTb as dis-
cussed above.

The flux creep relaxation rate responded sharply to
decrease of temperature. Within the intervaldTf5T12T
510 mK the flux relaxation rateudF/dtu dropped severa
times, and at still lower temperatures became practic
zero. At (T12T).0.2 K in the range of 0.3 K<(Tc2T1)
<1 K, the magnetic flux was completely frozen inside t
sample, and the SQUID showed a constant field for ho
After the freezing stage the temperature of the sample
raised, usually at the same rateuṪbu5const as during cooling
~1–10 mK/s!. The SQUID signal remained stationary with
the sensitivity limit ~0.1%! until the rising temperature
reached the valueT.T1210 mK. Then within an interval
.10 mK the flux creep recovered its initial valueudF/dtu1
which occurred before freezing, and as the temperature
tinued to grow linearly with time, the signal dropped exp
nentially for several seconds more, finally approaching m
lower values corresponding to the lowerj c at elevated tem-
peraturesT.T1 .

The creep freezing effect can be explained easily.
algebraic simplicity the logarithmic time decay relationj / j c
512p ln(t/t0) at t@t0 andp!1 is used. Then the creep ra
is

1

j c

d j

dt
52

p

t
52

p

t0
expS 2

j c2 j

p jc
D .

Suppose at some moment the temperature starts to dec
fast, and the currents in the samplej stay approximately con
stant, but the valuej c grows. Then one can write for a sma
increase d j 5 j c(T)2 j c(T1)! j c(T1)[ j c1 the relation
d j /dt5(d j /dt)1exp(2dj/pjc1), where (d j /dt)1 is the decay
rate just before freezing started. Forj c}(Tc2T)2 and dT
5T12T, one hasd j / j c152dT/(Tc2T1) and

d j

dt
5S d j

dt D
1

expS 2
2dT

p~Tc2T1! D .

It is clear that a relatively small decrease in temperat
dT.0 can result in a great drop of the relaxation rate,
causep!1. For (Tc2T1)51 K the valuep.0.02, and the
characteristic temperature interval becomesdTf5p(Tc
2T1)/2510 mK, in good agreement with the experimen
observations. The relation ford j /dt can be integrated easil
for the whole freezing-unfreezing cycle in the case of te
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perature sweeps which are linear in time. The result sho
that the flux starts to unfreeze when the temperature
proachesT1 , and the value

j 5 j fr1S d j

dt D
1

dTf

uṪbu
expS T2T1

dTf
D ,

where j fr corresponds to the frozen flux signal atT!T1 .
This discussion of the freezing-unfreezing effect confir

that the sample temperature was well controlled with an
curacy,10 mK. Note that the inhomogeneity of the samp
which could cause the critical current inhomogeneity is n
detrimental to the sharp freezing-unfreezing effect becaus
each point of the sample the initial difference (j c2 j )/ j c at
the freezing start is the same, althoughj c and j can vary
across the sample.

III. ANALYSIS OF RESULTS

A. Nonlinear diffusion equation

The trapped flux relaxation is determined by the nonlin
diffusion equation~NDE! for currents and fields.1,13 For a
plate in a parallel magnetic field, the NDE has been solve15

exactly in the case of a logarithmic barrierU5U0ln(jc /j)
with s[U0 /kT@1. The solution yields a power-law tim
decayj / j c.(11t/t0)21/s with a macroscopic time scalet0 .
As can be seen in Fig. 1, that is the type of decay obser
experimentally with the fitting parameterp51/s. To verify
the validity of the solution and to calculate the time const
t0 in our case, we have to derive and solve the NDE fo
film magnetized in a perpendicular field. We suppose tha
solution of this problem for a thin disc can give us a qua
tatively correct description of the observed phenomena.

The NDE is determined by the Maxwell equations and
nonlinear relation between the current density and the e
trical field E5E( j ). The axial symmetry provides the onl
nonzero circumferential components of bothE andj vectors,
which are uniform in thez direction in thin films. Therefore,
the Maxwell equations give

4p

c2

] j

]t
5

]

]r S 1

r

]~rE !

]r D .

To construct the nonlinear relationE5E( j ), we follow the
line of ideas proposed in Ref. 15. The vortex drift veloc
v5v0e2U/kT is introduced for a thermally activated motio
of vortices with a characteristic velocityv0;c jcrn /Hc2
;103 cm/s for a free vortex flow without pinning.1 The
logarithmic barrier relationU5U0ln(jc /j), which also de-
fines the theoretical parameterj c , givesv5v0( j / j c)

s. Fol-
lowing Ref. 1 the electrical field is assumed to be prop
tional to the vortex drift velocity. This leads to the relatio

E5
4p

c2
v0dS j

j c
D s

j ,

where an additional factor} j appears because the magne
field in the film is generated by the current itself. This re
tion forms the basis of the present model to derive the N
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] j

]t
5v0d

]

]r S 1

r

]~r j s11/ j c
s!

]r D . ~2!

Away from the disc center, an approximate solution
Eq. ~2! can be found by separation of variablesj
5 j 1(t)g(r ) in the case of constants@1 and uniform j c
5const. The solution of the lowest decay rate is

j 5 j cF ~r /R!~22r /R!

11st/t08
G 1/s

, ~3!

where the time scale constantt085R2/(3v0d);3 s. A fast
relaxation from the initial state after the magnetizing cy
j (t50)5 j c to the profile j / j c5g(r )5@(r /R)(22r /R)#1/s

<1 at b<r<R, occurs during the intervalt&t08/s. After
that Eq. ~3! is valid, and the space profile remains u
changed. It should be noted that fors@1 the space par
function g.1 except very close tor 50, e.g., at r 5b
;0.2R ands550, one hasg50.97.

The time dependencej 1}t21/s at t@t08 agrees well with
experiment. The important parameters5U0 /kT51/p is de-
termined by fitting. The experimental data in this part a
presented in Fig. 2. Although the formula forj 1(t) is ob-
tained under the conditions@1, further analysis shows tha
in the peripheral part of the disc at 0.5<r /R<1 it is approxi-
mately valid down tos;1. This periphery is actually the
part of the sample which gives the main contributi
('90%) to the SQUID signal. Therefore the power-law tim
decay is observed down to low values ofs51/p as shown in
Fig. 1.

A small time constantt05t08/s, could not be resolved
experimentally except very close toTc . The theoretical esti-
mates oft0 are in fairly good agreement with experimen
taking into account a very crude estimate oft08 , where the
possible temperature dependence ofv0 is neglected. More-
over, sample inhomogeneity only allows an order of mag
tude comparison, as will be briefly discussed later.

FIG. 2. Temperature dependence of the critical current den
j c and the relative creep activation energyU0 /kT, determined as
described in the text. The experimental error forj c data is less than
the symbol size. The solid lines are guides to the eye.
f

e

i-

B. Critical current

The differential equation for the time dependent partj 1(t)
follows from Eq.~2!:

d j1
dt

52
j 1

t08
S j 1

j c
D s

. ~4!

It leads to a relation between the variablej 15 j 1(t) which is
measured during the warming runs, and the theoretical
rameterj c5 j c(t). For the constant warming rateṪ the de-
pendencej 1}(t22t)2 is observed over a range of;1 K
nearTc . The duration of the run ist25(Tc2T1)/Ṫ, where
the starting temperatureT1,Tc . To satisfy Eq.~4!, one has
to put

j c5 j 1S t22t

2t08
D 1/s

5 j 1FTc2T~ t !

2t08Ṫ
G 1/s

, ~5!

wheres is also a function of temperature and consequen
time during the warm up. When the temperature is not v
close toTc ands@1 it leads to

j 1. j cF12
1

s
lnS Tc2T

2t08Ṫ
D G . ~6!

Due to high values ofs at (Tc2T);1 K, we havej 1. j c

with an accuracy;5% or better for fast warming (Ṫ
>10 mK/s). As the temperature goes upT→Tc , and the
logarithm in Eq.~6! decreases, so does the denominators.
Actual data ons were used with Eq.~5! to calculate the ratio
j 1 / j c . These calculations showed that the measured va
was j 1. j c accurate to;5% down toTc2T.0.2 K. Closer
to Tc the analysis became complicated, and it was left
future investigations.

The fast warming runs proved experimentally thatj 1
. j c , because the observed dependencej 1(T) did not vary
with the warming rate if we took into account the shift b
tween the measured temperature of the copper blockTb and
the sample temperatureT. During a slow warm up with the
rateṪ&1 mK/s, the measured valuesj 1(T) were lower than
for the fast runs, especially near the critical temperat
where j 1 turned down to zero atT,Tc .

C. Sample inhomogeneity

To analyze the influence of sample inhomogeneity on
warming run data, we suppose that it causes local change
critical temperature, but the functional dependencej c
5 j c(Tc2T) remains the same. It is assumed that the ma
mum critical temperature isTc , and the values of critica
temperature at different points of the sample are in an in
val DT below Tc . The inhomogeneity is characterized by
distribution function f (x) such that the contribution to th
SQUID signal from the parts of critical temperatureTc85Tc

2xDT is } f (x)dx with 0<x<1 and the normalization con
dition *0

1f (x)dx51. Actually, f (x) is proportional to an in-
tegral of the factorr /(r 21z2)3/2 over the film volume with
the critical temperatureTc8 , as follows from Eq.~1!.

For all reasonable functionsj c(Tc2T), the relative influ-
ence of the inhomogeneity decreases at (Tc2T)@DT. Fig-

ty
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ure 3 suggests thatj c}(Tc82T)2. Therefore, the SQUID sig
nal at the temperatureT<Tc2DT is proportional to

F~T!5E
0

1

f ~x!~Tc2xDT2T!2dx5~Tc* 2T!21~DT* !2,

where the new parameters are

Tc* 5Tc2I 1DT and DT* 5AI 22I 1
2DT,

with the distribution moments

I 15E
0

1

x f~x!dx and I 25E
0

1

x2f ~x!dx.

The functional dependenceF(T) below (Tc2DT) is deter-
mined by two parameters only,Tc* and DT* , and at (Tc*
2T)@DT* one obtains a straight lineAF.(Tc* 2T). Ex-
trapolating this straight line toF50, one obtains the param
eterTc* , as shown in Fig. 3.

Closer toTc where T.Tc2DT, the upper limit in the
integralsI 1 and I 2 is a function ofT. Instead of unity, the
upper limit is xm5(Tc2T)/DT,1, and the functionF(T)
reveals more information about the distribution functi
f (x). Figure 3 suggests that there is a sharp peak off (x) at
x50 of integral intensityA5*0

x1f (x)dx, where x1!xm .
Therefore asT→Tc , the flux is proportional toF5A(Tc
2T)2. The data presented in Fig. 3 were fitted to the inh
mogeneity hypothesis with the parametersA50.30, I 1
50.59, I 250.55, DT50.134 K. This fitting set corre-

FIG. 3. Temperature dependences ofAF in the critical region.
The SQUID signalF is presented in units of uniform current de
sity in the sample as in Fig. 2. The results atTc2T,0.3 K are also
presented on an enlarged34 scale. The lower data curve is ass
ciated with the lefty axis and bottomx axis, the upper curves ar
associated with the righty axis and topx axis. Note the shift of
origin for the righty axis. Different symbols correspond to differe
warming runs after magnetizing cycles at indicated temperatu
The straight solid lines are the result of linear regression analys
experimental data taken in the range 0.3 K,Tc2T,1.1 K. The
solid curve is the result of calculations with formulae and fitti
parameters presented in the text in Sec. III C.
-

sponds to the 30% sharp peak atTc , and the rest spread as
broad peak of width.0.06 K positioned nearTc85Tc

20.10 K.
As can be seen in Fig. 3, the fit is very good. The expe

mental data are exactly on the straight line in coordina
(AF,T) well below Tc* showing that locallyj c}(Tc82T)2.
Although the experimental data deviate from the straight l
asT approachesTc , the deviations are well described by th
same temperature dependence ofj c if one takes into accoun
the inhomogeneity of the critical temperature. All studi
samples, prepared by different methods on different s
strates, exhibited the same quadratic behaviorj c}(Tc* 2T)2

in the rangeTc2T&2 K. The temperatureTc determined as
the signal zero point was in the range 87–89 K. The diff
ence between the extrapolated valueTc* and Tc was (Tc

2Tc* ),0.2 K. The functionF(T) varied from sample to
sample in the interval around and aboveTc* . We strongly
believe that these experimental data prove the quadratic
pendencej c}(Tc2T)2 with high precision in spite of the
critical temperature inhomogeneity;0.1 K.

In Fig. 3 the solid straight line passing through expe
mental points in the range 0.3 K,(Tc2T),1.1 K, is the
result of linear regression analysis of the experimental d
in this interval. The deviations from the straight line are le
than 0.1%. We checked the accuracy of the powerq in the
dependencej c}(Tc2T)q having plotted the experimenta
data in coordinates (F1/q,T) and repeating the linear regre
sion analysis. The deviations increased with the increas
differenceuq22u. Summarizing the results of this analys
and taking into account the accuracy of critical current a
temperature measurements, we can write down the exp
mentally determined valueq52.0060.05. That is the main
result of the present work.

To analyze the formation of the time dependent SQU
signal in the presence of sample inhomogeneity is more
ficult. We could do it only for smooth and weak variations
the critical current densityd j c(r )!^ j c& and the creep param
eterds(r )!^s&. Equation~2! was solved approximately fo
s@1. A solution similar to Eq.~3!, but with parametersj c

5 j c(r ) and s5s(r ) was obtained. From Eq.~1! followed
that the time dependence of the SQUID signal approxima
retained its formF(t)}(11t/t0)2p, but the fitting param-
eterst05t08/^s&1 andp5^s&2

21 might correspond to the dif-
ferently averaged valueŝs&1 and ^s&2 . The problem of
magnetic flux relaxation in the case of strong space va
tions d j c(r ) andds(r ) nearTc is much more complicated
and we leave it for the future studies. As curves 2 and 3
Fig. 1 show, even in this case the magnetic field of circu
ing superconducting currents at a distance from the fi
demonstrates a simple power-law time decay. Curve 1 in
1 is measured so close toTc that some parts of the samp
are already in the normal state. But as the above analysis
j c(T) showed, the remaining superconducting part is char
terized by a very uniform critical temperature, and con
quently a uniform creep activation energy. Therefore, wi
out complications due to inhomogeneity one can deduce
the superconducting current decays asj }t21/s, even fors
5U0 /kT.1.

s.
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IV. DISCUSSION

In this section we use the notation for the reduced te
peratureu[(Tc2T)/Tc , and introduce the energy scale f
vortices

e05S F0

4pl D 2

5
Hc

2j2

2
, ~7!

which is essentially the superconducting condensation
ergy within the normal core of radius;j and unit length,
and the GL depairing current1

j 05
4

3A3

ce0

jF0
.

cF0k

205l3
. ~8!

We start with the rangeu;0.1 where the mean-field GL
theory is valid. The GL penetration depthl(u.0.1).3
31025 cm is close to the experimental values measured
Refs. 6,16, and one can estimatej 0(u50.1).33107

A/cm2. The collective pinning theory in the single vorte
regime withdTc pinning in the case of nonoptimal doping1

gives the valuesj c. j 0(104u)21/3;0.1j 0 at u;0.1 in agree-
ment with experiment. The theoretical estimates of the p
ning barrier Uc in the same temperature range areUc
;kTc , significantly lower than the experimental valuesU0
;100kT. Note that the experimental results onU obtained in
the rangeu;0.1 in Refs. 10,12 agree with the current da
within experimental errors.

There is a simple reason why the theory developed in R
1 either for single-vortex pinning or for pinning of vorte
bundles cannot be applied to calculate the creep barrier
thin films. As was shown in Ref. 17, in thin films withl
@d the interaction of vortices occurs via a magnetic fie
outside the superconductor. Thus, instead of the interac
Vint;e2x/l, sharply decreasing at a distancex.l due to the
screening effect of superconducting currents, one hasVint
;1/x at x@leff5l2/d. Due to this long-range interaction
all the vortices are involved in the motion of one of the
during the flux creep. At the same time the adjustment of
vortex core to the pinning potential which determines
critical current, occurs without disturbing the neighbors b
cause of the very high ratio ofl/j. Hence the single vortex
pinning theory is valid forj c but fails forUc . In the present
experiments atu;0.1, the penetration depthl.d, and to
some extent the long range vortex interaction is relevan
becomes even more important whenl grows asT→Tc .

As follows from the mean-field pinning theory,1 j c
} j 0u21/3}u7/6. The last relation indicates thatj c should de-
crease approximately linearly with temperature in the re
tively narrow interval 1021>u>1023. As one can see in
Fig. 2, it might be a very crude approximation foru.0.05,
but it is evidently wrong atu&0.01. The temperature depe
dence of the creep activation energyU0 also indicates that in
that range the creep mechanism changes. In spite of l
scatter of data in Fig. 2 one can see a sharp bend to a s
drop in U0 at u.0.01. At u,0.01 the creep barrier is ap
proximately proportional to the reduced temperature,
other exponentsy'1 in U0}uy, are also possible due t
large experimental errors. In the published mean-field th
ries there is no indication how the creep barrier turns to ze
-

n-
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e
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For bulk samples it is considered constant;kTc up to Tc
itself. We suggest that the sharp bend in the curveU0(T) at
(Tc2T);1 K indicates that the region of critical fluctua
tions has been entered.

A plausible hypothesis about the mechanism of criti
fluctuations in the context of flux creep is a generation
vortex-antivortex pairs, which dissociate due to the oppo
sign of the Lorentz force in the presence of the current. T
antivortex annihilates with a pinned vortex present in t
sample. The newly born vortex drifts to a neighboring me
stable state in the pinning potential, an elementary step of
flux creep process being thus realized. In this process
creep activation energy is determined not by the pinning
tential but by the energy to generate the vortex-antivor
pair. Following Ref. 1 we suppose that the energy to crea
vortex-antivortex pair separated by a distancex.j and di-
rected perpendicular to the current flow is

U~x!52e0d lnS x

j D2
2F0 jd

c
x. ~9!

It should be noted that the logarithmic dependence in the
term is valid for x&l in the bulk samples, and up tox
&leff in thin films. The activation energy for the curren
assisted thermal unbinding is given by the maximum va
of U(x) at the distancexm.2.7j( j c / j ) as

U52e0d lnS j c

j D ,

where the critical current density isj c5ce0 /(2.7jF0)
.0.5j 0 . One can see that the present hypothesis explains
logarithmic dependence of the flux creep activation bar
on the current density, and consequently the observed po
law time decay of the superconducting currents. The GL f
mulas~7!,~8! can be used to extrapolate the low-temperat
values to the border of the critical region to obtain theoreti
estimates both forj 0.106 A/cm2 andU052e0d.140kT at
u50.01 K. The corresponding experimental values
lower: ;10 times forj c and;3 times forU0 . We suppose
that the logarithmic function in Eq.~9! is correct but the
factor in front of the logarithm, which was obtained in th
mean-field theory, should be modified due to critical fluctu
tions.

To compare Eq.~9! with experiment in a region still
closer to Tc , one needs theoretical estimates in t
fluctuation-dominated critical regime. It is well establish
theoretically that the crossover upon approachingTc is ini-
tially to the intermediate critical regime of a weakly charg
superfluid where the fluctuations inc are essentially those o
an uncharged superfluid orXY model.9 In this regime, it is
shown3,9 that in three dimensions the coherence length
verges asj}u22/3, the superfluid density scales asrs}j21

}u2/3, and the penetration depth scales asl}rs
21/2}u21/3.

The last result has been confirmed6 by direct microwave
measurements of the penetration depth nearTc down to u
.1023. The specific heat measurements4,5 are consistent
with the XY model critical exponenta.0. As has been
shown by Lobb,3 an immediate consequence of this result
that the thermodynamic critical fieldHc}u, just as in the GL
theory. Both forms of the GL relation in Eq.~7! give the
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result for the vortex energye0}u2/3. It has been argued in
Ref. 9 in very general terms that in the intermediate criti
regime the characteristic current, which plays the role of
mean-field depairing current, scales asj 0}j22}u4/3. The
same result follows from the GL formula in Eq.~8!, if one
just substitutes the proper scaling for all parameters.

The comparison ofe0}u2/3 with the experimental tem
perature dependence ofU0(T) at Tc2T,1 K is inconclu-
sive due to large experimental errors. But the accurate m
surements of the critical currentj c}u2 definitely disagree
with the scalingj 0}u4/3.

The hypothesis of critical vortex-antivortex generati
can be saved by a conjecture that the energy factor in fron
the logarithm in Eq.~9! should be modified. This formula
follows from the mean-field theory. The second term} j is
determined by the Lorentz force, and evidently the fluct
tions do not change it. But the vortex-antivortex pair inte
action could be changed by fluctuations, more and more
nificantly asT→Tc . To account for this, one triese0→ne0
in Eq. ~9!, introducing a factorn5n(u). Fitting the present
data givesn;0.3 atu50.01. An assumptionn}u2/3 yields a
fairly good agreement for theU052ne0d}u4/3, and a per-
fect fit to the critical current scalingj c}ne0 /j}u2. At this
stage, in the absence of a flux creep theory in the crit
region, we cannot offer any reasons why the vorte
antivortex interaction should be modified as discussed ab
Actually, the purpose of our discussion is to stimulate th
retical effort in this area.

V. CONCLUSION

In conclusion, we believe that the critical fluctuatio
change the flux creep mechanism in the range (Tc2T)
,
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&1 K. This estimate for the critical region width is con
firmed by the differenceDT50.5 K between the middle o
the resistive transition and theTc defined as the temperatur
above which both the critical current and the creep bar
are zero. Considering the ambiguity in the width of the cr
cal region previously discussed in literature, the present
sults support the traditional Ginsburg criterionDT5Gi
3Tc.1 K.

The power-law time decay of the superconducting c
rents in the critical region implied that the creep activati
energy depended logarithmically on the valuej. This result
suggested that the critical fluctuations generated vor
antivortex pairs, but the mean-field energy scale in the vor
pair potential had to be modified to fit the scaling of the 3
XY model to the observed temperature dependence of
critical currentj c}(Tc2T)2.

We note that a theory of fluctuation-dominated flux cre
is not developed, and many questions about the interpreta
of experimental data remain unresolved. Among them i
fundamental question about the applicability of 3DXY scal-
ing in the case of remanent flux creep. The scaling beha
of a weakly charged superfluid was obtained for a zero-fi
phase transition, whereas the remanent flux creep is intri
cally associated with a finite magnetic field decreasing
zero only at the critical point itself. Further investigations a
required to resolve this subtle question.
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