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Coherent Josephson nanostructures and the dissipation of the persistent current
in the a-b planes of YBa2Cu3O72d thin films

H. Darhmaoui* and J. Jung
Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2J1

~Received 26 June 1997!

We investigated the dissipation of the persistent current and associated vortex dynamics in YBa2Cu3O72d

~YBCO! thin films of highJc , in the remanent critical magnetization regime. Ring-shaped samples were used
to measure both the relaxation of the persistent current from the critical level, and the magnitude of the critical
current as a function of temperature over a range of 10–90 K. The energy barrierUeff(J) was calculated using
the analysis of the relaxation data proposed by Maleyet al. @Phys. Rev. B42, 2639 ~1990!#. We found the
correlation between the temperature dependence of the critical currentJc(T) and the dependence ofUeff(J) on
the current density. WhenJc(T) is dominated by the Ginzburg-Landau~GL!-like temperature dependence
@Jc(T)}(Tc2T)3/2#, the empirical formula for the energy barrier isUeff(J)5a•Jc(T)•exp„2(3p/2)J/Jc0…. In
the Ambegaokar-Baratoff~AB! regime of Jc(T), Ueff(J)5Jc(T)@a1 exp„2(3p/2)J/Jc0…1a2 exp„2(9p/
2)J/Jc0…#. These relationships were found to describe an intrinsic property of all thin films studied, indepen-
dent of the growth conditions, substrates, film thickness,Tc , and the magnitude of the critical current density
Jc . The factors2(3p/2)J/Jc0 and 2(9p/2)J/Jc0 in the exponents ofUeff(J) represent tilted washboard
potential U j (f)/Ej52cosf2(J/Jc0)f for an overdamped~resistively shunted! Josephson tunnel junction,
locked at phases of 3p/2 and 9p/2. These phases correspond to the maximum resistive dissipation in a
junction. The experimental data imply that the superconductor behaves like a single overdamped Josephson
junction ~or an extremely coherent array of resisitively-shunted Josephson junctions!. The dissipation of the
persistent current occurs due to the collective motion of vortices through the Josephson nanostructures in
YBCO. The nanostructures have been revealed in the high-resolution electron microscope studies of Etheridge
@Philos. Mag. A73, 643 ~1996!# and in the studies of the AB to GL crossover effects in the temperature
dependence of the critical current@Darhmaoui and Jung, Phys. Rev. B53, 14 621~1996!#. The results favor
discrete models of the physical properties of high-temperature superconductors, developed by Stroud, Emery,
and Kivelson. We postulate that the vortex pinning in YBCO thin films originate from the variation of the
Josephson coupling energy within the Josephson nanostructures.@S0163-1829~98!01013-3#
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I. INTRODUCTION

It has been argued that the fast relaxation of the persis
current from its critical value in high-temperature superco
ductors can be attributed to the thermally activated motion
vortices between weak pinning centers.1 According to the
collective-pinning theory, the weak short-range disorder
responsible for the pinning.2 Two types of pinning were con
sidered:dTc pinning, which is associated with disorder in th
transition temperatureTc , andd l pinning, which arises from
the spatial variations in the charge-carrier mean free pal
near lattice defects. The critical current and the pinning
ergy have been studied by Griessenet al.3 in YBa2Cu3O72d

~YBCO! thin films over a wide range of temperatures~10–80
K! using a torque magnetometer and a magnetic-field sw
ing technique. The authors suggested that forB,2 T andT
,80 K the temperature dependence of the critical curr
and that of the pinning energy could be understood in
framework of thed l pinning of single vortices pinned b
randomly distributed weak pinning centers. Moreover, th
argued that the independence of thed l -pinning mechanism
on the thin-film growth conditions and substrates sugge
that the source of thed l pinning is related to randomly dis
tributed oxygen vacancies, as pointed out earlier
Tinkham.4 Subsequent work by the same group~Ref. 5! on
570163-1829/98/57~13!/8009~17!/$15.00
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oxygen-deficient YBCO thin films, supported the model o
single vortex pinning by spatial fluctuations in the charg
carrier mean free path. On the other hand, it has been fo
~taking into account an increase in anisotropy with a decre
ing oxygen content! that the pinning energy and the critica
current density systematically decrease with an increas
oxygen deficiency leading to the conclusion that the oxyg
vacancies are not the main source of pinning in YBCO film
Berghuiset al.6 performed the current-voltage measureme
in order to probe the activation barriers for flux creep in th
films of YBCO at 77 K and fields up to 8 T. They argued th
in the low-field regime flux creep may be dominated by e
tended strong pinning centers such as densely distrib
twin boundaries or screw dislocation cores. When the vor
density exceeds the density of the strong pinning cent
weakly pinned vortices start to affect the flux-creep char
teristics, e.g., by shearing along strong pinning centers. H
ton and Beasley~Ref. 7! proposed a model of pinning in th
CuO2 planes of YBCO thin films with very large critica
current densities. Their analysis of typical pinning energ
and critical current densities indicated that the pinning is d
to a very large density of point defects, beyond the density
the extended defects seen in typical transmission elec
micrographs. The model predicted a spacing between def
between 38 and 53 Å which is much smaller than the typi
8009 © 1998 The American Physical Society
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8010 57H. DARHMAOUI AND J. JUNG
500 Å or higher spacing between the extended defects.
authors pointed out that if the values of 38–53 Å were
spacing between the extended defects, then the pinning
ergy should be about 1.3 eV, which is significantly high
than the experimental values. They suggested that the
ning must be due to a large density of local defects, cau
for example by small regions of reduced-order paramete
the strongly conducting CuO2 plane pairs.

Recent high-resolution electron microscopy investigatio
at 300 K by Etheridge at Cambridge University~Ref. 8! of
YBa2Cu3O72d (d,0.1) revealed the presence of th
electron-diffraction patterns due to cells of size appro
mately 10–20 Å in thea-b planes, in addition to those du
to twin boundaries with spacing about 500 Å. The cells fo
an irregular network with walls aligned about 45° to t
^100& and^010& axes~a-b axes!, and arise from a local per
turbation of the charge density distribution. This is an app
ently universal feature, present in YBCO samples prepa
in different ways and imaged in different microscopes. It w
suggested that YBCO (d,0.1) ‘‘buckles’’ into a network of
slightly misaligned cells in a struggle to relieve intern
stresses. The coarse order of the cells across each cr
implies the influence of long-range strain fields. The tw
dimensional networks of cells are correlated along thec axis.

The presence of cells~microdomains of the order of th
coherence length in size! has been also inferred indepe
dently, by us, from the temperature dependence of the c
cal currentI c in YBCO thin film and granular samples~Ref.
9!. I c(T) was investigated over a temperature range
10–90 K and in magnetic fields up to 700 G. The measu
ments were performed using superconducting rings in a
sistent mode and a scanning Hall probe to record the pro
of the magnetic field across the ring, generated by the
sistent current at the critical level. The magnitude ofI c was
deduced from the magnitude of the persistent current’s s
field in the center of the ring. This technique eliminated t
contribution of normal currents to the measured value oI c
and allowed one to distinguish between depairing and de
ning critical currents. The results revealed the crossover
tween an Ambegaokar-Baratoff-like temperature depende
of the critical current at low temperatures to a Ginzbu
Landau-like (Tc2T)3/2 dependence at high temperature
The crossover was observed for both depairing and de
ning critical currents inc-axis-oriented YBCO thin films and
in a granular YBCO. The experimental data implied the pr
ence of superconducting nanoscale domains~of an effective
size of about 30–40 Å in YBa2Cu3O72d of d,0.1! coupled
by Josephson tunnel junctions in thea-b planes of YBCO
thin films. These findings are in agreement with the Clem
model ~Ref. 10! of an Ambegaokar-Baratoff~AB! to a
Ginzburg-Landau~GL! crossover effects in the temperatu
dependence of the critical current in strongly coupled gra
lar superconductors. According to Clemet al.10 at the
AB→GL crossover temperature inI c(T) of granular super-
conductors, the Ginzburg-Landau coherence length is of
order of the grain size. The observation of AB→GL cross-
over effects in YBCO, in combination with the short cohe
ence length in this compound, indicate, therefore, the p
ence of a nanoscale-size granularity. The size of th
nanoscale grains decreases with an increasing oxygen
ciency and with an increasing applied magnetic field. This
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consistent with a decreasing AB→GL crossover temperatur
in the temperature dependence of the critical current m
sured at different magnetic fields and on samples with
ferent transition temperatures. AB→GL crossover effects
similar to those seen in YBCO thin films have been obser
in the temperature dependence of the intergrain critical c
rent of granular YBCO~with a grain size approx. 5–10mm!.
These results imply that the intergrain conduction occ
through microbridges whose internal structure is identica
that of the grain, i.e., consisting of Josephson nanostructu
The experimental observations discussed above, of the p
ence of Josephson nanostructures in thea-b planes of
YBa2Cu3O72d support theoretical models developed
Stroud, Emery, and Kivelson for the analysis of vario
physical properties of high-temperature superconduc
such as; specific heat in a magnetic field,11 flux-flow
resistivity,12 flux pinning, and phase transitions in a supe
conductor with columnar defects,13 and the effect of phase
fluctuations on the low-temperature penetration depth.14,15 A
discrete representation was used in each case, in which
superconducting layers are described as an array of
small ‘‘grains’’ each comparable in size to the coheren
length and coupled together by resistively shunted Joseph
junctions.

The experimental and theoretical facts imply that the
sephson nanostructures in thea-b planes of YBCO should
affect all the physical properties of this superconductor. A
cording to an intriguing argument of Halbritter,16 across
CuO2 plane interruption~caused by in-plane weak links!,
charge is transferred by direct and resonant tunneling in
allel, which could mimicd-wave superconductivity due to
the tunnel states inside the superconducting energy gap
the spin-flip tunnel process.

One of the important questions that is related to the pr
ence of thea-b plane Josephson nanostructures, is how t
kind of structure could influence magnetic flux pinning a
consequently the dissipation of the transport current. We
cided to investigate this problem inc-axis-oriented YBCO
thin films over a wide temperature range. We chose films
various thickness andTc that were grown on different sub
strates using various deposition methods. These thin fi
have allowed us to study whether the dissipation is an int
sic in nature or whether it is affected by extended defe
such as twin boundaries or dislocations. We have used r
shaped thin films in order to generate a circulating persis
supercurrent at the critical level. The persistent curren
self-field was measured by a scanning Hall probe which w
also applied to record the time decay of the self-field ove
time scale up to 30 000 s, at temperatures over a rang
10–90 K. This procedure is equivalent to a standard pro
dure of measuring relaxation of remanent magnetization
superconducting quantum interference device magnetom
We have measured the relaxation of the persistent cur
from the critical level and calculated the dependence of
effective barrierUeff(J) for vortex motion on the current den
sity using Maley’s method.17 Ueff(J) was then compared with
the temperature dependence of the critical currentJc(T). An
empirical formula forUeff(J) was found to depend on a pa
ticular regime ofJc(T), which is represented by either a
Ambegaokar-Baratoff-like or a Ginzburg-Landau-like b
havior.Ueff(J) is independent of thin-film growth conditions
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TABLE I. Superconducting transition temperatureTc at zero resistance, film thickness, critical curre
densityJc at 10 and 77 K, deposition method, and substrates used, are listed for all YBCO thin film
were investigated in the course of this work. Note thatJc

a denotes an ‘‘apparent’ critical current density whic
is defined as the ratio of the critical currentI c to the cross-sectional areaA of the sample. The actualJc may
be higher if the current flow occurs through a reduced cross-sectional areaA.

Sample
number Tc ~K!

Film
thickness

~nm!
Jc

a (A/cm2)
10 K

Jc
a (A/cm2)

77 K
Deposition

method Substrate

1 90 500 1.13107 1.53106 dc-magnetron LaAlO3
2 90 130 1.83107 1.23106 rf-magnetron LaAlO3

3 90 200 6.43106 7.13105 Laser-ablation LaAlO3
4 91 200 1.83107 1.73106 Laser-ablation LaAlO3
5 91 200 1.83107 1.73106 Laser-ablation LaAlO3
6 90 100 3.33107 2.33106 Laser-ablation SrTiO3
7 87 280 6.53106 2.43105 rf-magnetron SrTiO3
8 87 120 2.33107 7.13105 rf-magnetron LaAlO3

9 81 350 7.93106 8.23104 Laser-ablation LaAlO3
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substrates, film thickness andTc , suggesting that an intrinsi
property of YBCO is responsible for the dissipation of t
persistent current. Discussion of these results is provi
within the framework of a discrete model, in which thea-b
planes are described as superconducting domains, each
parable in size to the coherence length and coupled toge
by resistively-shunted Josephson junctions.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

The samples used in these studies were epita
c-axis-oriented YBa2Cu3O72d thin films grown on oriented
single-crystal substrates of LaAlO3 or SrTiO3 heated to high
temperatures between 750 and 800 °C. The films were gr
using three different deposition methods: laser ablation,
magnetron sputtering, and rf magnetron sputtering. Laser
lation is a fast deposition process which lasts approxima
5–15 min, magnetron sputter deposition, on the other ha
requires very long thin-film-growth times of the order
10–15 h. We have investigated nine YBCO thin films whi
were manufactured by various laboratories. Laser-abla
films were supplied by IBM TJ Watson Research Cen
McMaster University, CTF Systems, and Purdue Univers
The films grown using an off-axis dc magnetron sput
deposition were provided by Westinghouse STC. An off-a
rf magnetron sputter-deposition method was applied to p
duce YBCO thin films at University of Alberta. The thick
ness of the films ranged approximately from 100 up to 5
nm. We have investigated six films ofTc590– 91 K, two
films with Tc587 K, and one withTc581 K. All these films
were characterized by high critical current densityJc at 10 K
of 63106233107 A/cm2. Jc is approximately an order o
magnitude less at 77 K for all films withTc590– 91 K. The
basic information, such asTc , film thickness,Jc at 10 and 77
K, deposition method and substrate, is listed in Table I for
investigated films. The films were patterned using phot
thography technique in a form of rings of outer and inn
diameters of 8.5 and 5.0 mm, respectively, for all samp
except sample 2 which has an outer diameter of 10 mm
an inner one of 6 mm.
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B. Measurement of the persistent current relaxation
and the critical current

We have measured the temperature dependence of th
laxation of the persistent current from the critical level, a
the magnitude of the critical current, using ring geome
and a scanning Hall probe. The persistent current was
duced in the zero-field-cooled~ZFC! ring at temperatures
below Tc by applying and subsequently switching off a
external magnetic field generated by a nonsuperconduc
~copper-wound! solenoid. The direction of the field was pa
allel to the axis of the ring~the c axis of the YBCO film!.
The profile of the persistent current’s self-field was record
by a scanning Hall probe~of sensitive area 0.4 mm2 and
62 mG in sensitivity! over a scanning distance of 27 m
across the ring, and at a constant height of 2.5 mm above
ring’s surface. We were able to measure both the axial~per-
pendicular to the rings surface! and the radial~parallel to the
ring’s surface! components of the self-field. The Hall prob
was kept at room temperature and in air in order to avoid
offsets in the reading of the magnetic field, while the sam
was in thermal contact with a copper block whose tempe
ture was controlled over a range of 10–95 K with a GaAl
diode and Pt resistance thermometers and an induction
heater. An increase of the persistent current’s magnitude
achieved by increasing the external magnetic field. The c
cal level of the persistent current was reached when the
rent’s self-field attained a saturation. An external magne
field less than 1 kG was sufficient to saturate the self-fi
over a temperature range between 10 K andTc . The magni-
tude of the critical current was inferred from the saturati
value of the axial component of the self-field using the Bi
Savart law. This technique allowed us to measure the t
perature dependence of the critical current over a wide t
perature range between 10 K andTc ~see Ref. 9 for details of
the measurement procedure!. Table I containsJc at 10 and
77 K obtained with the method described above for
YBCO films used in these studies. The measurement of
persistent current’s self-field also enabled us to record
relaxation~time decay! of the persistent current from variou
levels of the current up to the critical value. The relaxati
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8012 57H. DARHMAOUI AND J. JUNG
data were taken over a time range of 1–40 000 s at temp
tures between 10 K andTc . Figure 1~a! presents the distri-
butions of the axial and radial components of the persis
current’s self-field measured 30 and 10 000 s after the crit
state was established in the zero-field-cooled ring. The p
files were scanned by a Hall probe at a distance of 3
above the ring. The self-field~trapped field!, normalized to
its value at the ring’s center@Fig. 1~b!#, reveals that the re
laxation processes do not affect the shape of the profi
This indicates that the normalized relaxation rate is cons
across the ring and the fast decay rates are absent a
ring’s outer edges. The solid lines in Fig. 1~a! represent the
computer simulations of the axial fieldBz (r ,z) and the ra-
dial field Br (r ,z), using the computation methods describ
in Refs. 18–20. The ring was divided into 2000 concen
ring segments~of cross-sectional area 0.530.5mm2!. The
axial and radial fields generated by the current in each
segment were calculated from the Biot-Savart equatio21

The total axial and radial field above the sample was
tained by summing up the contribution from the individu
current loops. Perfect fit to the experimental data w
achieved with the uniform distribution of the current acro
the ring’s width@Fig. 1~c!#. The relaxation processes affe
the magnitude of the current density but not its distributio
When a critical persistent current is induced in a ring,
applies the Lorentz force on the vortices trapped in the b
of the ring, which pushes flux lines in the radial direction o
of the ring. The vortex-line motion generates the elec
field E5(1/c)(Bl3v). We takeBl in the z direction ~the
ring’s axis! which represents the local magnetic inductionBz

l

due to the axial component of the persistent current’s s
field, andv the drift velocity of vortices in the radial direc
tion from the ring’s axis. ThenE is in the azimuthal direction
~along the axis tangent to the ring’s perimeter! and its mag-
nitude isEu5(1/c)Bz

l v r . Because of the cylindrical symme
try and the independence of the vortex motion on the tang
tial coordinate u, one could treat the problem as on
dimensional one and replace cylindrical coordinates (r ,u,z)
with Cartesian ones (x,y,z). Then for the motion of flux in
the x direction and with the local inductionBz

l , the magni-
tude ofE is Ey5(1/c)Bz

l vx . Using the Maxwell equationc
curl E52(]B/]t), the equation that describes flux motio
~and consequently the decay of the persistent current du
the motion of vortices in the ring’s bulk! could be written in
the following form:

]Bz
l

]t
52c

]Ey

]x
52vx

]Bz
l

]x
, ~1!

where the drift velocityvx is taken constant along thex
direction and equal to

vx5v0a exp@2Ueff~J!/kT#. ~2!

Herev0 is the characteristic attempt frequency,a is the hop-
ping distance, andUeff(J) is the effective energy barrier fo
the thermally activated hopping. The resulting equation

]Bz
l

]t
52v0a

]Bz
l

]x
exp@2Ueff~J!/kT# ~3!
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FIG. 1. ~a! The profiles of the axial and radial trapped field

Bz(r ) and Br(r ) measured across the ring of YBCO film 1 at
distance of 3 mm above it, after waiting 30 s~open circles! and
10 000 s~full circles!. The profiles represent the axial and rad
components of the persistent current’s self-field. Distancesr 5
62.5 mm andr 564.25 mm mark the inner and the outer edges
the ring. The sample was zero-field cooled down to 30 K, before
external field of 700 G was applied and subsequently reduce
zero in order to generate the persistent current at the critical le
The solid lines represent the computer simulations~see text! of the
axial and radial profiles using the Biot-Savart law and the curr
distribution shown in~c!. ~b! The profiles of the axial and radia
trapped field taken from~a!, which are normalized using the max
mum values of the axial and the radial trapped fields. Note that
shape of both profiles does not change during persistent curre
decay, suggesting that the normalized decay rate remains con
across the ring. ~c! The distribution of the persistent current de
sity J(r ) in the zero-field cooled ring at 30 K after waiting 30
~solid line! and 10 000 s~dotted line!. This distribution was used to
perform computer calculations of the profiles of the axial and rad
components of the self-field of the persistent current in~a!.
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can be modified further by taking into account the gradi
of Bz

l over a distancex, which was measured by a Hall prob
at a heightz above the ring~Fig. 2!. The data show that the
gradient ofBz

l is

]Bz
l

]x
52

Bz
l ~Rid!2Bz

l ~Rod!

d
.2

Bz
l ~Rid!

Rid
, ~4!

whereRid andRod are the inner and outer radii of the ring
respectively, andd is the width of the ring.

Equation~3! written for the local inductionBz
l at x5Rid

is

FIG. 3. The profiles of the axial componentBz(r ) of the self-
field of the persistent currents circulating in a ring of YBCO film
Persistent currents, of various levels up to the critical value w
induced in the ring at 20 K after an external fields between 250
540 G were applied to the zero-field-cooled sample. Distancesr 5
62.5 mm andr 564.25 mm mark the ring’s inner and outer edge
The profiles were measured at a distance of 2.5 mm above the

FIG. 2. The profiles of the axial componentBz(r ) of the persis-
tent current’s self-field at the critical value, measured at temp
tures of 30 K~open circles!, 50 K ~open triangles!, and 70 K~full
circles! in the zero-field cooled ring of YBCO film 1 at a distance
2.5 mm above it. The profiles are normalized to the value of
field at the center of the ring. Note that the shape of the profil
independent of temperature. Distancesr 562.5 mm and r 5
64.25 mm mark the ring’s inner and outer edges.
t

]Bz
l

]t
U

x5Rid

52v0a
]Bz

l

]x
U

x5Rid

exp@2Ueff~J!/kT#. ~5!

Using Eq.~4!, one can transform this relation to

]Bz
l ~Rid!

]t
5v0a

Bz
l ~Rid!

Rid
exp@2Ueff~J!/kT#. ~6!

Taking into account the relationship betweenBz
l (Rid) and

the magnitude of the persistent currentI , given by the Biot-
Savart law, the decay of the persistent current is describe

dI

dt
5

v0a

Rid
I exp@2Ueff~J!/kT# ~7!

or

dJ

dt
5

v0a

Rid
J exp@2Ueff~J!/kT#. ~8!

The effective energy barrier can be extracted from the ab
equation, in the following form:

Ueff~J!52kT lnF S dJ

dt D Y JG1kT lnS v0a

Rid
D

52kTH lnF S dJ

dt D Y JG2CJ , ~9!

whereC5 ln(v0a/Rid) is a constant which is independent
the magnetic field or the current. The constantv0a is a pref-
actor in Eq.~2! for vx and it equals the velocity of a vorte
line when the probability of each hopping process in t
direction of the Lorentz force is one. Maleyet al.17 estimated
v0a.0.25 m/s from the measurement of magnetic relaxat
in a grain-aligned sample of YBCO powder. The upper lim
of v0a.10 m/s for the thermally activated flux motion wa
estimated by Schnacket al.22 They took smaller value of
v0a52 m/s in the calculation of the magnetic moment hy
teresis loop by means of a numerical solution of the flu
creep differential equation. We usedv0a52 m/s andRid
52.5 mm to obtain tentative value ofC56.7.

We applied Maley’s method17 in order to calculateUeff(J)
over a wide range ofJ. The measurement of the time deca
of J from its critical valueJc at a fixed temperature, over a
experimentally feasible time range of 1–100 000 s, allo
the change ofJ by only 20%.23 Maley et al. were able to
extend the accessible region ofJ by recording the decay o
magnetization from its critical valueM}Jc for various tem-
peratures belowTc . Changing a temperature ensured a co
tinuous change inJc , and permitted the measurement
Ueff(J) for a wide range of current. At each temperature ma
netic relaxation measurements were used to finddM/dt as a
function of the current densityJ. As a result, a curve of
Ueff@J(T)# versusJ(T) was produced, which consisted o
multiple segments, each representing the time decay of m
netization from its critical value, measured at different te
peratureT. The temperature dependence inUeff@J(T)# was
eliminated by Maleyet al. by introducing a temperature
dependent factor24,25 G(T)512(T/Tx)

2 whereTx is a char-
acteristic temperature taken from the magnetic irreversibi
line. Plotting ofUeff@J(T)#/G(T) versusJ produced a continu-
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FIG. 4. The dependence of the persistent currents, of various magnitudes up to the critical value, on the logarithm of the wait
The decays were measured at temperatures of 20 and 50 K in the ring of YBCO film 1. The calculation of the energy barrierUeff(J) was
based on the time decay of the persistent current from the highest value over a time interval of 2000–30 000 s. Note that the dec
of the persistent currents close to the critical value merge after waiting approximately 1000 to 2000 s.
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ous curve. However, Berghuiset al.6 argued that there is a
uncertainty in the Maley’s temperature-dependent correc
factor G(T), which does not allow one to discriminate b
tween various nonlinear scenarios forUeff(J).

Our procedure involves the measurements of the re
ation rates of the persistent current from the critical level
a function of the current densityJ for temperatures taken
every 5 K between 10 and 85 K. These measurements w
used to finddJ/dt vs J, whose value is necessary for th
calculation ofUeff(J) from Eq. ~9!.

III. EXPERIMENTAL RESULTS

The profiles of the axial component of the self-field of t
persistent current circulating in zero-field-cooled rings
YBCO thin films, have been measured over a tempera
range of 10–85 K. Figure 3 shows typical profiles measu
at 20 K for various levels of the persistent current betwe
zero and a critical valueI c . The decays of the persisten
current have been recorded over a time range between 1
40 000 s, and every 5 K over a temperature range 10–85
Typical plots of the current versus logarithm of time for va
ous currents between zero andI c at 20 and 50 K are shown
in Fig. 4. For currents close toI c the initial decays up to
approximately 1000 s are not fully logarithmic. After 1000
the relaxation curves merge and a common ‘‘steady-sta
logarithmic decay is established. The initial nonlogarithm
decay of magnetization in YBCO was reported by Gurev
and Küpfer26 and interpreted as due to the redistribution
magnetic flux over the sample volume. Therefore, we h
calculatedUeff(J) from a steady-state logarithmic portion o
the relaxation curve for waiting times between 2000 a
n
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40 000 s. Figure 5 presents the ‘‘Maley’s’’ segments ofUeff
as a function of the current calculated from the relaxat
data~which were measured every 5 between 10 K and 85!
for six different YBCO thin films ofTc590– 91 K. We have
made the comparison of the dependence ofUeff on the cur-

FIG. 5. The dependence of the energy barrierUeff on the mag-
nitude of the persistent current for six YBCO ring-shaped film
from 1 up to 6.Ueff was calculated from the relaxation data~Fig. 4!
using the Maley’s procedure. The ‘‘Maley’s’’ segments were c
culated every 5 K for temperatures between 10 and 85 K.
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FIG. 6. The comparison of the temperature dependence of the critical currentI c(T) ~see figures on the left! with the dependence of the
energy barrier on the currentUeff(I) ~figures on the right!, measured in YBCO ring-shaped films 1, 2, and 3. Note that the similarities o
shape ofI c(T) to that ofUeff(I) imply that the energy barrier is a function ofI c(T).
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rent with the temperature dependence of the critical cur
~Figs. 6–8!. YBCO thin films of Tc590– 91 K could be di-
vided into two groups characterized by differentI c(T)
curves: the low-temperature reduction ofI c normalized toI c
~10 K! for YBCO films 4, 5, and 6~Fig. 7! is larger than the
corresponding decrease ofI c for YBCO films 1, 2, and 3
~Fig. 6!. The temperature dependence of the critical curr
in YBCO films 7, 8, and 9~Fig. 8!, which have a lowerTc
equal to 87 and 81 K, are essentially similar to those
YBCO with Tc590– 91 K. The dependence ofUeff on the
current, seen in Figs. 6, 7, and 8, resembles that of the c
cal current on temperature. One could conclude thatUeff(J)
contains the temperature dependence ofJc , which is, in fact,
a consequence of the Maley’s method adopted in our stud
We assume thatUeff(J) could be, therefore, written in th
following form:

Ueff~J!5Jc~T!•F~J!, ~10!

whereF(J) is a certain function of the current density. Equ
tion ~10! is a simplified version of a very general relation f
Ueff(J,H,T)5G(T)@Jc(H,T)/Jc(H,0)#Pf (q,H), where q
5J/Jc(H,T) andH is the external magnetic field. This rela
tion has been proposed by Schnacket al.27 who introduced a
general inversion scheme in order to obtainUeff(J,H,T) from
magnetization measurements.
nt
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The temperature dependence ofJc is not affected by the
decay of the current from the critical level~Fig. 9!. This
means that Eq.~10! is valid over the whole experimenta
range of the relaxation times. In order to identifyF(J) we
plotted Ueff /Ic(T) versus current in Fig. 10 for six YBCO
films of Tc590– 91 K. The data imply thatF(J) could be
represented by an exponential or a double-exponential fu
tion.

IV. DISCUSSION

The experimental data~Fig. 10! revealed thatUeff(J) is
described by an exponential or a double exponential func
of J, if the temperature dependence ofJc is separated from
the current-dependent part ofUeff @Eq. ~10!#. The question is,
what is the origin of the exponential form ofUeff(J) and how
it is related to the temperature dependence of the crit
current densityJc(T). In an attempt to answer this questio
we produced two graphs for each YBCO thin film~Figs. 11,
12, and 13!. The first one shows@ I c(T)/I c(10 K)#2/3 versus
T/Tc and the other one the logarithm ofUeff /Ic(T) versus
I /I c(0 K). Regarding the first graph, by plotting@ I c(T)#2/3

versus temperature, we were able to separate a GL-like
pendence ofI c(T) from an AB-like behavior. Theoretical fits
to the experimental data were performed taking a superp
tion of two dependences of the critical current on tempe
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FIG. 7. The comparison of the temperature dependence of the critical currentI c(T) ~see figures on the left! with the dependence of the
energy barrier on the currentUeff(I) ~figures on the right!, measured in YBCO ring-shaped films 4, 5, and 6. These films have diffe
temperature dependence ofI c from that observed in YBCO films 1, 2, and 3~Fig. 6!, which is characterized by the larger low-temperatu
reduction ofI c /I c(10 K). Note that the similarities of the shape ofI c(T) to that of Ueff(I) imply that the calculated energy barrier is
function of I c(T).
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ture: a GL-like (Tc2T)3/2 dependence and an AB-like de
pendence~Fig. 14!. An AB-like dependence was calculate
from the Clem’s model of an Ambegaokar-Baratoff to
Ginzburg-Landau crossover inJc(T) of granular supercon
ductors~Ref. 10! using the coupling constant«0 as a fitting
parameter. The experimental results and the theoretica
for I c(T) in YBCO films of Tc587– 91 K ~Figs. 11–13!
suggest that high critical current density YBCO films beha
like a stack of twoc-axis-oriented films each having differ
ent I c(T). Earlier studies of the crossover in the temperat
dependence of the critical current in YBCO@Ref. 9 and Fig.
3~a! in Ref. 28# point out that oxygen-deficient thin films ar
characterized by a GL-like (Tc2T)3/2 dependence, and thi
films close to the optimum doping exhibit an AB-likeI c(T).
Therefore, the superposition of a GL-like and an AB-li
I c(T) indicates that each YBCO film may be modeled a
stack of two films of low and high oxygen deficiency.

It is important to note that the temperature dependenc
the Josephson critical current calculated for optimally dop
(Tc590 K) YBCO with d-wave pairing29,30 predicts the lin-
ear temperature dependence ofJc(T) at low temperatures
and not (Tc2T)3/2 dependence.

At low temperatures, the AB-like part ofI c(T) changes
very little, and I c(T) is dominated by the GL-like depen
dence. Calculation ofUeff(J) according to the Maley’s pro
ts

e

e

a

of
d

cedure, requires a continuous change in the critical curren
a function of temperature. This means that at low tempe
tures, the calculatedUeff(J) should characterize flux-pinning
barrier of a superconductor which exhibits a GL-likeI c(T).
At high temperatures close toTc , on the other hand,Ueff(J)
should describe pinning of a superconductor with an AB-l
I c(T).

The comparison of the experimental data forUeff /Ic(T)
versusI /I c(0 K) with those for the temperature dependen
of the critical current shown in Figs. 11–13, implies that
the GL-like regime of the critical current,Ueff /Ic(T) is de-
scribed by an exponential function. For the AB-like regim
of I c(T), Ueff /Ic(T) is represented by a double-exponent
function. Note that the straight solid lines drawn through t
experimental data forUeff /Ic(T) vs I /I c(0 K) in Figs. 11–13
have similar slopes for all samples. This suggests that
thin-film superconductors with a GL-like temperature depe
dence of the critical current,Ueff /Ic(T) has a universal expo
nential form with a fixed factor in the exponent. Deviation
the data points from the solid lines for small curren
~high temperatures!, seen especially clearly for YBCO
samples 3–6 and 8, is related to another exponential func
with a fixed argument ~see Fig. 15!. Therefore, for
thin-film superconductors with an AB-like temperature d
pendence of the critical current,Ueff /Ic(T) is described
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FIG. 8. The comparison of the temperature dependence of the critical currentI c(T) ~see figures on the left! with the dependence of the
energy barrier on the currentUeff(I) ~figures on the right!, measured in YBCO ring-shaped films 7, 8, and 9. These films are characte
by a lowerTc than that for YBCO films from 1 to 6~Figs. 6 and 7!. Note that the similarities of the shape ofI c(T) to that ofUeff(I) imply
that the calculated energy barrier is a function ofI c(T).
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by a universal double-exponential function.
In Fig. 16, we have plotted the magnitudes of the ar

ment of the exponents for each sample, which are re
sented by the slope2$d ln@Ueff /Ic(T)#/d@I/Ic(0 K)#%. For the

FIG. 9. The dependence of the magnitude of the persistent
rent I on time, measured in the ring of YBCO film 6 every 5 K over
a temperature range of 10–85 K. The inset shows the same re
plotted for the magnitudes of the currentI (t) at various timest
normalized to the value ofI (t) at 10 K. All the data lie on the sam
curve, indicating that the temperature dependence of the cri
current is preserved during the decay of the current.
-
e-

GL-like regime, which determines changes inI c(T) at low
temperatures, this slope is 3p/2. For the AB-like behavior,
which dominatesI c(T) at high temperatures close toTc ,
Ueff /Ic(T) is a sum of two exponents with slopes of 3p/2 and
9p/2. The slopes for both the GL and AB-like regimes d

r-

lts

al
FIG. 10. The dependence ofUeff /Ic(T) on the currentI presented

for six YBCO thin films. The inset present the data plotted using
extended scale.
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FIG. 11. The dependence of the critical current on the normalized temperature~plotted as@ I c(T)/I c(10 K)#2/3 versusT/Tc in figures on
the left! compared with the dependence of the energy barrier on the current@plotted as Ueff /Ic(T) versusI /I c (0 K) in figures on the right#
for YBCO ring-shaped films 1, 2, and 3. In~a!, ~b!, and~c! the open circles mark the experimental data forI c(T). The solid lines represen
theoretical fits to the experimental data: they are the superposition of the GL-like dependence~dashed lines! at low temperature and the
AB-like dependence@Clem’s model~solid triangles! with the coupling constant«050.1 for ~a! and~c!, and«05100 for ~b!#. In ~d!, ~e!, and
~f! the solid straight lines indicate that the dependence of@Ueff /Ic(T)# on I /I c(0 K) is exponential. Note that their slopes are sam
independent.
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not depend on the choice of the magnitude of the constanC
in Eq. ~9!. However, for a constantC around 5–10, one
obtains the best alignment of the Maley’s segments. The
perimental results provided us with the empirical formu
for Ueff(J). In the GL-like regime ofI c(T)

Ueff~J!5aJc~T!expS 2
3p

2

J

Jc0
D , ~11!

wherea is a constant andJc0 is the critical current density a
T50 K. In the AB-like regime ofI c(T)

Ueff~J!5Jc~T!Fa1 expS 2
3p

2

J

Jc0
D1a2 expS 2

9p

2

J

Jc0
D G ,
~12!

wherea1 and a2 are constants. Recalling the experimen
observations of nanoscale-size domains coupled by Jos
son tunnel junctions in thea-b planes of YBCO~Refs. 8 and
9!, we identify the factors2(3p/2)J/Jc0 and (9p/2)J/Jc0
with tilted washboard potentials for overdamped~resistively-
shunted! Josephson junctions which are locked at phase
3p/2 and 9p/2.
x-
s

l
h-

of

According to Tinkham,31 and Kulik and Yanson,32 within
the resistively-shunted junction model, the time depende
of the gauge-invariant phase differencef in the presence of
an externally supplied bias current, can be derived by eq
ing the bias currentI to the total junction current from the
two parallel channels, as follows:

I 5I c0 sin f1V/R, ~13!

whereV is a voltage difference which is maintained acro
the junction, R is the damping resistance, andI c0 is the
maximum Josephson current. EliminatingV in Eq. ~13!, one
obtains a first-order differential equation.

S \

2eRIc0
D df

dt
1sin f5

I

I c0
, ~14!

wheredf/dt52eV/\. Equation~14! can be written as

df

dt
5

2eRIc0

\ S I

I c0
2sin f D . ~15!



t

same

57 8019COHERENT JOSEPHSON NANOSTRUCTURES AND THE . . .
FIG. 12. The dependence of the critical current on the normalized temperature~plotted as@ I c(T)/I c(10 K)#2/3 versusT/Tc in figures on
the left! compared with the dependence of the energy barrier on the current@plotted as Ueff /Ic(T) versusI /I c(0 K) in figures on the right#
for YBCO ring-shaped films 4, 5, and 6. In~a!, ~b!, and~c! the open circles mark the experimental data forI c(T). The solid lines represen
theoretical fits to the experimental data: they are the superposition of the GL-like dependence~dashed lines! at low temperature and the
AB-like dependence@Clem’s model~solid triangles! with the coupling constant«05100 for ~a!, ~b!, and~c!#. Note that the GL-like part of
I c(T) is limited to a narrower temperature range in comparison to that for YBCO 1, 2, and 3~Fig. 11!. In ~d!, ~e!, and~f! the solid straight
lines indicate that the dependence of@Ueff /Ic(T)# on I /I c(0 K) is exponential. Note that their slopes are sample independent, and the
as for YBCO 1, 2, and 3~Fig. 11!.
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When I only slightly exceedsI c0 , df/dt is always posi-
tive but varies periodically with sinf. The maximum value
of the instantaneous voltage is obtained when the ph
passes through 3p/2 mod 2p(sinf521). This case corre-
sponds to a maximum resistive dissipation in a Joseph
junction.

Introducing the effective potential of the junctionU j as a
function of f

U j~f!52Ej cosf2S \I

2eDf, ~16!

where Ej5\I c0/2e is the Josephson coupling energy, t
voltage pulses correspond to the value ofU j locked at a
phase of 3p/2:

U j S 3p

2 D52
3p

2 S I

I c0
DEj52

3p

2 S J

Jc0
DEj . ~17!

The exponents in Eqs.~11! and ~12! contain factors of
2(3p/2)(J/Jc0) and2(9p/2)(J/Jc0) which represent tilted
‘‘washboard’’ potentialU j (f)/Ej locked at phases of 3p/2
se

on

and 9p/2. This suggests that the effective energy barrier
vortex motion in YBCO thin films depends on the properti
of intrinsic Josephson junctions. From the point of view
the vortex motion, YBCO film behaves like a single Josep
son junction or a very coherent array of Josephson junctio

Note that the current densityJ in Eqs.~11! and ~12! rep-
resents the magnitude of the persistent current circulatin
the ring. The profile of the persistent current’s self-field
the ring can be simulated by that of the vortex field trapp
in a disk of the diameter equal to the outer diameter of
ring. Therefore, the current densityJ can be also treated a
that due to the total vortex current.

We interpret the dissipation of the persistent current
due to the vortex motion through the Josephson nanost
tures known to be present in YBCO.8,9 In this model thea-b
planes consist of cells of a few nanometers in size~Fig. 17!,
which are coupled by resistively-shunted Josephson tun
junctions. We assume that the pinning arises from a varia
of the order parameter within the cell structure. The chan
of the order parameter from cell to cell leads to the spa
variation of the Josephson coupling energy between the c
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FIG. 13. The dependence of the critical current on the normalized temperature„plotted as@ I c(T)/I c(10 K)#2/3 versusT/Tc in figures on
the left… compared with the dependence of the energy barrier on the current@plotted as Ueff /Ic(T) versusI /I c(0 K) in figures on the right#
for YBCO ring-shaped films 7, 8, and 9, which have a lowerTc than 90 K. In~a!, ~b!, and~c! the open circles mark the experimental da
for I c(T). The solid lines represent theoretical fits to the experimental data: they are the superposition of the GL-like dependence~dashed
lines! and the AB-like dependence@Clem’s model~solid triangles! with the coupling constant«05100 for ~a!, ~b!, and~c!#. In ~d!, ~e!, and
~f! the solid lines indicate that the dependence of@Ueff /Ic(T)# on I /I c(0 K) is exponential. Note that their slopes are sample independent
identical to those presented in Fig. 11 and 12 for YBCO 1 to 6.
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in thea-b plane and between the cells on adjacent plane
thec direction. According to Clemet al.10 for a square array
of Josephson junctions with lattice parametera0 , the vortex
structure is determined by the array’s geometry and the
tex core size is set bya0 .

We postulate that the dependence ofUeff on the current
densityJ @Eqs.~11! and~12!# reflects in-phase oscillations o
the Josephson array due to the collective motion of all
vortices trapped in the ring. The vortex motion occurs in
radial direction from the inner to the outer edge of the ri
under the influence of the Lorentz force exerted by the
culating persistent current. The vortices travel along lo
Josephson junctions of the array from cell to cell. During t
motion they experience a modulation of the Josephson c
pling energy on a scale of a few nanometers. A poss
scenario for the dissipation of energy in the array involv
vortex currents which sweep the array and act as bias
rents for Josephson junctions between the array’s cells.
cause of the modulation of the Josephson coupling energ
the array, if the sum of the vortex current and the persis
current exceeds the Josephson critical current for junction
the weakest coupling, the phase-dependent voltage app
in
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in the array. Maximum resistive dissipation is expected
the case of a spatial phase coherence.

Calculation of the power spectrum of the voltage in
Nb/AlOx /Nb square array of Josephson junctions for diffe
ent levels of the bias current has been performed recentl
Lachenmannet al.33 For large bias currents above the array
critical current, junctions in the array oscillate coherently a
the power spectrumS(n) consists of sharp peaks at equ
multiples of frequencyn5eVRsi c /p\ ~where Rs is the
shunt resistance andi c is the critical current of each junction
in the array!.

These results imply that the phase coherence at 3p/2 and
9p/2 observed in our experiments could represent the
and the third harmonics of coherent oscillations of t
Josephson-junction array.

According to our interpretation, dissipation of the pers
tent current could be caused by the motion of Joseph
vortices in the array. Due to a curvature of magnetic fl
lines trapped in thec-axis-oriented ring, the vortex line
form an angle with the direction perpendicular toa-b planes
~c-axis direction!. In a layered superconductor, these vortic
are viewed as chains of two-dimensional pancake vorti
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FIG. 14. The dependence of the critical currentI c on the normalized temperatureT/Tc , according to various theoretical models whic
were utilized in the fits to the experimental data shown in Figs. 11, 12, and 13~a!, ~b!, and ~c!. ~a! and ~b! show a GL-like (Tc2T)3/2

dependence ofI c(T), AB dependence ofI c(T), and Clem’s calculations of the crossover from AB to GL inI c(T) with coupling constants
«050.1 and 100.~c! presents a superposition of the GL-likeI c(T) with that of Ambegaokar-Baratoff and Clem.~d!, ~e!, and~f! contain the
results of~a!, ~b!, and~c!, plotted as@ I c(T)#2/3 versusT/Tc .
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connected by interplane Josephson-type vortices.34 A pan-
cake vortex can be viewed as a finite segment of height e
to the interlayer spacing, of an Abrikosov vortex direct
along thec axis.

The data obtained from our relaxation measureme
show that there is a relationship between the tempera
dependence of the critical currentI c(T) and the relaxation of
the persistent current. We assume that when the temper
dependence ofI c is GL-like, the supercurrent does no
‘‘see’’ the Josephson nanostructures in thea-b planes.
Therefore, the vortex segments perpendicular to the pla
are Abrikosov-like. The interplane segments which join t
Abrikosov ones are the Josephson strings which experie
the spatial modulation of the Josephson coupling energy
tween the planes. Persistent current circulating in the r
exerts the Lorentz force on the Abrikosov segments but
on the Josephson strings. The Josephson strings move
tween the planes due to the drag force applied to them by
Abrikosov segments. In this case the energy barrier for v
tex motionUeff(J), @expressed by Eq.~11!# should be deter-
mined solely by the spatial variation of the Josephson c
al
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pling energy between the planes. When the tempera
dependence ofI c is AB-like, the supercurrent flows throug
the Josephson nanostructures in thea-b planes. Therefore
the in-plane pancake vortices change their character f
Abrikosov- to Josephson-like. The flux lines experience
modulation of the Josephson coupling energy both in thea-b
planes and between the planes. In this case, the first expo
with a phase of 3p/2 in the expression forUeff(J) @Eq. ~12!#
is determined by the spatial variation of the Josephson c
pling energy between the planes, similarly to the GL-li
case described above. The second exponent with a pha
9p/2 is attributed to the modulation of the Josephson c
pling within the array in thea-b planes.

Additional experimental evidence which relates the exp
nent with a phase of 3p/2 to the motion of the interplane
Josephson vortices in a superconductor with a GL-likeI c(T)
in thea-b planes, has been provided by the measurement
YBCO thin film 9 with Tc581 K @Figs. 13~c! and 13~f!#.
The temperature dependence of the critical current in
sample is dominated by the GL-like regime@Fig. 13~c!# over
a wide temperature range of 10–60 K. The reduction of
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FIG. 15. The dependence of the energy barrier@Ueff /Ic(T)# on the normalized currentI /I c(0 K) plotted for YBCO ring-shaped films 4
5, 6, and 8. These films are characterized by the pronounced AB-like behavior ofI c(T) close toTc ~Figs. 11, 12, and 13!, and the deviation
of @Ueff /Ic(T)# from the straight solid line at small currents. The segments on the dashed lines represent the data obtained by s
@Ueff /Ic(T)# at low currents from the solid lines. In these cases@Ueff /Ic(T)# is a double-exponential function ofI /I c(0 K).
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AB-like contribution toI c(T) at low temperatures by a facto
of 3–4 in comparison to that in other samples, does
change the magnitude of the phase in Eq.~11!.

Recent measurements of the microwave surface imp
ance in thea-b planes of ultrapure YBCO single crystals35

performed by Zhaiet al.36 imply that the crystal respond
like a single Josephson junction~or a coherent array of Jo
sephson junctions! to an ac-drive current in thea-b plane.
Their data were analyzed using a resistively-shunted Jos
son junction model. The authors concluded that the extra
dinary coherence of the data suggests an intrinsic eff
however, they expressed doubts that defects like twin bou
aries in YBCO crystals could respond in such a coher
manner.

We have ruled out that the structure of the twin boun
aries in YBCO thin films is responsible for the observ
vortex motion and consequently for the dissipation of
persistent current. This is the result of the independenc
the experimental data for the energy barrierUeff(J) and the
critical current I c(T), on the growth conditions of YBCO
thin films, substrates, film thickness and the magnitude of
critical current densityJc . The structure of the twin bound
aries is known to be sensitive to oxygen content.37,38 Since
Ueff(J) is also independent ofTc @see Fig. 13~d!, 13~e!, and
13~f!#, this is an additional evidence that the energy bar
for vortex motion is not affected by the presence of exten
defects in the films. Similar conclusions about the role
t
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extended defects in the pinning mechanism in YBCO ha
been also drawn by Griessenet al.3 in his work on pinning in
YBCO thin films.

According to earlier results~e.g., Ref. 9! and Halbritter’s
model,39 the major channel of the supercurrent conduct
across the grain boundaries is established through the in
grain strong links. These strong links are the microbridg
whose structure is the same as the grain, i.e., consist
Josephson nanostructures. The twin boundary layer thick
was found to be between 10 and 20 Å in optimally dop
YBCO.37 This is of the order of the cell size in the Josephs
array in thea-b planes of YBCO. This means that the tem
perature dependence of the critical current in this case
governed by the Josephson tunnel junctions in the array
the weakly pinned vortices are able to shear along th
which are strongly pinned by the grain boundaries such
twin boundaries or high angle boundaries.

The empirical formulas for the energy barrier given
Eqs. ~11! and ~12! should be modified in order to includ
the condition Ueff(Jc)50. We could write Ueff(J) in the
form Ueff(J)5Jc(T)•F(J), like in Eq. ~10! where F(J)
5a exp„2(3p/2)J/Jc0… for a GL-like regime ofI c(T), and
F(J)5a1 exp„2(3p/2)J/Jc0…1a2 exp„2(9p/2)J/Jc0… for
an AB-like behavior ofI c(T). The new version of the energ
barrier should be represented by

Ueff5Jc~T!@F~J!2F~Jc!# ~18!
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for both cases.
A very good fit of the experimental results forUeff(J) in a

TIBCCO ~2223! single crystal to a double-exponential fun
tion has been produced by Mexneret al.40 The authors ap-
plied Maley’s method to calculateUeff(J) from the relaxation
data taken at magnetic fields up to 12 T and over a temp
ture range of 4–77 K. The analysis of the data was, howe
based on the collective flux-creep model of Feigelmanet al.1

with the power-law dependence of the energy barrier onJ.

V. SUMMARY AND CONCLUSIONS

We have measured the relaxation of the persistent cur
from the critical level in thea-b planes of ring-shaped
YBCO thin films over a temperature range 10–90 K. W
applied Maley’s method17 to calculate the dependence of th
energy barrier for vortex motion on the current dens
Ueff(J). We found the correlation between the temperat
dependence of the critical currentI c(T) and the empirical
form of Ueff(J). The empirical formulas forUeff(J) are expo-
nential. The exponential factors represent the tilted wa
board potentials for an overdamped Josephson junct
locked at phases of 3p/2 and 9p/2. For a GL-like (Tc

FIG. 16. The magnitudes of the argument in the exponent
@Ueff /Ic(T)# for each YBCO thin-film sample, which are repre
sented:~a! by the slope of the straight solid lines in Figs. 11, 1
and 13~d!, ~e!, and~f! for the GL-like regime ofI c(T); and~b! by
the slope of the straight dashed lines in Fig. 15 for the AB-l
regime ofI c(T).
a-
r,

nt

e

h-
n,

2T)3/2 regime of I c(T) at low temperatures,Ueff(J) is gov-
erned by the Josephson potential with a phase of 3p/2. For
an AB-like behavior of I c(T), Ueff(J) is described by a
double-exponential function with the Josephson potent
locked at phases of 3p/2 and 9p/2. From the point of view
of vortex motion, YBCO thin films behave like a singl
resistively-shunted Josephson junction or an extremely
herent array of resistively-shunted Josephson junctions. T
behavior is independent of the growth conditions of t
YBCO films, film thickness, substrates, and the magnitude
Jc andTc . We interpret the dissipation of the persistent cu
rent as due to the collective motion of vortices through
nanoscale array of overdamped Josephson junctions. Th
ray is associated with the presence of superconducting c
each of the size of the order of the coherence length, in
a-b planes of YBCO.8,9 These cells are coupled by Josep
son tunnel junctions in thea-b planes and between the ad
jacent planes in thec direction. The pinning of vortices
arises from the modulation of the Josephson coupling ene
in these junctions. The motion of Josephson vortices is
sponsible for spatially coherent voltage oscillations in t
array, with phases of 3p/2 and 9p/2 which could represen
the first and the third harmonics.

The coherent oscillations of the Josephson-junction ar
suggest an intrinsic mechanism of dissipation. The exp
mental results imply that the dissipation of the persist
current due to the motion of vortices through Joseph
nanostructures, is a universal phenomenon, which descr
behavior of the relaxation of magnetization in YBCO th
films.

Our investigations have generated the following op
questions about the origin of both the exponential form

of

FIG. 17. The schematic of the nanoscale cells~a few nm in size!
in the a-b planes of YBCO as described by Etheridge~Ref. 8! on
the basis of the high-resolution electron microscopy. According
our studies, the walls between the cells form Josephson tunnel j
tions with the spatial variation of the coupling energy in thea-b
planesDEj

a,b(x,y) and between the planesDEj
c(x,y). Crystallo-

graphic directions of the cell walls are along thex,y axes. Thea,b
axes are positioned at an angle of about 45° relative to thex,y axes.
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the energy barrier@Eqs. ~11! and ~12!# and the Josephson
nanostructures in thea-b planes of YBCO:

~1! Does the exponential form of the energy barrier, with t
phase locking and the missing factor ofkT in the expo-
nents, imply quantum resonant tunneling of vortic
through a coherent array of Josephson junctions?

~2! Is the phase separation~stripe phases! responsible for the
formation of the nanoscale cell structure in thea-b
planes of YBCO and consequently for the Josephs
nanostructures?

Regarding the exponential energy barrier, it is similar
form to the effective Euclidean actionSE

(eff) , which deter-
mines the tunneling rate of vortices through a barrier dur
quantum tunneling process.41 If the pinning in the Josephson
nanostructures is determined by the variation of the Jose
son coupling energy over distances comparable to the
size, one could expect very narrow barriers with a large c
vature of the potential at the top of the barrier. This wou
rise the barrier frequency and decrease the tunneling ti
leading to an increase of the crossover temperature from
quantum to the classical regime.42 Another question is how
the spatial coherence of the Josephson-junction array c
enhance the quantum resonant tunneling of Josephson v
ces.
e

s

on

in

ng

ph-
cell
ur-
ld

e,
the

uld
orti-

Regarding the origin of the nanoscale cell structure in
a-b planes of YBCO, Etheridge8 has suggested that the cel
are formed in struggle to relieve intralayer internal stress
However, it may be important to investigate a relationsh
between these cells and the stripe phases which inters
forming the superconducting islands separated by antife
magnetic regions~see Ref. 43 for the extensive review o
stripe phases in cuprates!. Such a relationship would mea
that the Josephson nanostructures are formed by antife
magnetic insulating layers which couple superconduct
cells.
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Scalapino, S. M. Girvin, S. Sridhar, M.R. Beasley, R.
Dynes, R.S. Markiewicz, S.A. Kivelson, and J.D. Halbritte
This work was supported by a grant from the Natural S
ences and Engineering Council of Canada~NSERC!.
o

C

s

k,

,

s.

u,

rs,
s.
*Present address: School of Science and Engineering, Alakhaw
University, Ifrane 53000, Morocco.

1M. V. Feigelman, V. B. Geshkenbein, A. I. Larkin, and V. M
Vinokur, Phys. Rev. Lett.63, 2303~1989!.

2G. Blatter, M. V. Feigelman, V. B. Geshkenbein, A. I. Larkin
and V. M. Vinokur, Rev. Mod. Phys.66, 1125~1994!.

3R. Griessen, Wen Hai-hu, A. J. J. van Dalen, B. Dam, Y. Rect
and H. G. Schnack, Phys. Rev. Lett.72, 1910~1994!.

4M. Tinkham, Helv. Phys. Acta61, 443 ~1988!.
5A. J. J. van Dalen, R. Griessen, S. Libbrecht, Y. Bruynserae

and E. Osquiguil, Phys. Rev. B54, 1366~1996!.
6P. Berghuis, R. Herzog, R. E. Somekh, J. E. Evetts, R. A. Doy

F. Baudenbacher, and A. M. Campbell, Physica C256, 13
~1996!.

7T. L. Hylton and M. R. Beasley, Phys. Rev. B41, 11 669~1990!.
8J. Etheridge, Philos. Mag. A73, 643 ~1996!.
9H. Darhmaoui and J. Jung, Phys. Rev. B53, 14 621~1996!.

10J. R. Clem, B. Bumble, S. I. Raider, W. J. Gallagher, and Y.
Shih, Phys. Rev. B35, 6637~1987!.

11C. Ebner and D. Stroud, Phys. Rev. B39, 789 ~1989!.
12K. H. Lee and D. Stroud, Phys. Rev. B46, 5699~1992!.
13K. H. Lee, D. Stroud, and S. M. Girvin, Phys. Rev. B48, 1233

~1993!.
14E. Roddick and D. Stroud, Phys. Rev. Lett.74, 1430~1995!.
15V. J. Emery and S. A. Kivelson, Phys. Rev. Lett.74, 3253~1995!.
16J. Halbritter, J. Low Temp. Phys.105, 1249~1996!.
17M. P. Maley, J. O. Willis, H. Lessure, and M. E. McHenry, Phy

Rev. B42, 2639~1990!.
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