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Coherent Josephson nanostructures and the dissipation of the persistent current
in the a-b planes of YBgCu3;0,_ thin films
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We investigated the dissipation of the persistent current and associated vortex dynamics@u@Bas
(YBCO) thin films of highJ,, 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 {8y was calculated using
the analysis of the relaxation data proposed by Malewl. [Phys. Rev. B42, 2639(1990]. We found the
correlation between the temperature dependence of the critical cdgf@tand the dependence bf.(J) on
the current density. Whed.(T) is dominated by the Ginzburg-LanddGL)-like temperature dependence
[J(T)(T,—T)%?3], the empirical formula for the energy barrierlgq(J)=a-J(T)-exp(— (37/2)I/I.p). In
the Ambegaokar-BaratoffAB) regime of J.(T), Ugx(J)=J(T[as exp(— (37/2)I/I0)+a, exp(— (9m/
2)J/J.0)]. These relationships were found to describe an intrinsic property of all thin films studied, indepen-
dent of the growth conditions, substrates, film thicknd@ss, and the magnitude of the critical current density
J.. The factors—(37/2)J/J.o and —(97/2)J/J.o in the exponents of)(J) represent tilted washboard
potential U;(¢)/E;=—cos¢—(IJg)¢ for an overdampedresistively shuntedJosephson tunnel junction,
locked at phases of &2 and 97/2. 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 junctidres 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 curregfidarhmaoui and Jung, Phys. Rev.5B, 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 nanostrudi8fs$63-18208)01013-3

[. INTRODUCTION oxygen-deficient YBCO thin films, supported the model of a
single vortex pinning by spatial fluctuations in the charge-

It has been argued that the fast relaxation of the persistemiarrier mean free path. On the other hand, it has been found
current from its critical value in high-temperature supercon<taking into account an increase in anisotropy with a decreas-
ductors can be attributed to the thermally activated motion ofng oxygen contentthat the pinning energy and the critical
vortices between weak pinning centéréccording to the  current density systematically decrease with an increasing
collective-pinning theory, the weak short-range disorder isoxygen deficiency leading to the conclusion that the oxygen
responsible for the pinningTwo types of pinning were con- vacancies are not the main source of pinning in YBCO films.
sidered:ST,, pinning, which is associated with disorder in the Berghuiset al® performed the current-voltage measurements
transition temperatur€;, andél pinning, which arises from in order to probe the activation barriers for flux creep in thin
the spatial variations in the charge-carrier mean free path films of YBCO at 77 K and fields up to 8 T. They argued that
near lattice defects. The critical current and the pinning enin the low-field regime flux creep may be dominated by ex-
ergy have been studied by Griesseral? in YBa,Cu,O,_s  tended strong pinning centers such as densely distributed
(YBCO) thin films over a wide range of temperatuf@®—80  twin boundaries or screw dislocation cores. When the vortex
K) using a torque magnetometer and a magnetic-field sweeplensity exceeds the density of the strong pinning centers,
ing technigue. The authors suggested thatffer2 T andT  weakly pinned vortices start to affect the flux-creep charac-
<80 K the temperature dependence of the critical currenteristics, e.g., by shearing along strong pinning centers. Hyl-
and that of the pinning energy could be understood in thdéon and BeasleyRef. 7) proposed a model of pinning in the
framework of thedl pinning of single vortices pinned by CuO, planes of YBCO thin films with very large critical
randomly distributed weak pinning centers. Moreover, theycurrent densities. Their analysis of typical pinning energies
argued that the independence of thlepinning mechanism and critical current densities indicated that the pinning is due
on the thin-film growth conditions and substrates suggestto a very large density of point defects, beyond the density of
that the source of thél pinning is related to randomly dis- the extended defects seen in typical transmission electron
tributed oxygen vacancies, as pointed out earlier bymicrographs. The model predicted a spacing between defects
Tinkham? Subsequent work by the same groigef. 5 on  between 38 and 53 A which is much smaller than the typical
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500 A or higher spacing between the extended defects. Theonsistent with a decreasing ABGL crossover temperature
authors pointed out that if the values of 38—53 A were thdn the temperature dependence of the critical current mea-
spacing between the extended defects, then the pinning esured at different magnetic fields and on samples with dif-
ergy should be about 1.3 eV, which is significantly higherferent transition temperatures. ABGL crossover effects
than the experimental values. They suggested that the pirsimilar to those seen in YBCO thin films have been observed
ning must be due to a large density of local defects, causeuh the temperature dependence of the intergrain critical cur-
for example by small regions of reduced-order parameter iment of granular YBCQwith a grain size approx. 5—10m).

the strongly conducting Cu(plane pairs. These results imply that the intergrain conduction occurs

Recent high-resolution electron microscopy investigationghrough microbridges whose internal structure is identical to
at 300 K by Etheridge at Cambridge Universifgef. 8 of  that of the grain, i.e., consisting of Josephson nanostructures.
YBa,Cu;0;_s (6<0.1) revealed the presence of the The experimental observations discussed above, of the pres-
electron-diffraction patterns due to cells of size approxi-ence of Josephson nanostructures in thd planes of
mately 10—20 A in thea-b planes, in addition to those due YBa,Cu;O;_s support theoretical models developed by
to twin boundaries with spacing about 500 A. The cells formStroud, Emery, and Kivelson for the analysis of various
an irregular network with walls aligned about 45° to the physical properties of high-temperature superconductors
(1000 and(010 axes(a-b axes, and arise from a local per- such as; specific heat in a magnetic fieldflux-flow
turbation of the charge density distribution. This is an apparsesistivity? flux pinning, and phase transitions in a super-
ently universal feature, present in YBCO samples preparedonductor with columnar defectd,and the effect of phase
in different ways and imaged in different microscopes. It wasfluctuations on the low-temperature penetration déptAA
suggested that YBCO8< 0.1) “buckles” into a network of  discrete representation was used in each case, in which the
slightly misaligned cells in a struggle to relieve internal superconducting layers are described as an array of very
stresses. The coarse order of the cells across each crysshall “grains” each comparable in size to the coherence
implies the influence of long-range strain fields. The two-length and coupled together by resistively shunted Josephson
dimensional networks of cells are correlated alongdleis.  junctions.

The presence of cellénicrodomains of the order of the The experimental and theoretical facts imply that the Jo-
coherence length in sixehas been also inferred indepen- sephson nanostructures in theb planes of YBCO should
dently, by us, from the temperature dependence of the critiaffect all the physical properties of this superconductor. Ac-
cal currentl . in YBCO thin film and granular sampléRef.  cording to an intriguing argument of Halbritt¥, across
9). 1.(T) was investigated over a temperature range ofCuG, plane interruption(caused by in-plane weak links
10-90 K and in magnetic fields up to 700 G. The measurecharge is transferred by direct and resonant tunneling in par-
ments were performed using superconducting rings in a pewrllel, which could mimicd-wave superconductivity due to
sistent mode and a scanning Hall probe to record the profilhe tunnel states inside the superconducting energy gap and
of the magnetic field across the ring, generated by the pethe spin-flip tunnel process.
sistent current at the critical level. The magnitudd ofvas One of the important questions that is related to the pres-
deduced from the magnitude of the persistent current’s selfence of thea-b plane Josephson nanostructures, is how this
field in the center of the ring. This technique eliminated thekind of structure could influence magnetic flux pinning and
contribution of normal currents to the measured valué.of consequently the dissipation of the transport current. We de-
and allowed one to distinguish between depairing and depinsided to investigate this problem icraxis-oriented YBCO
ning critical currents. The results revealed the crossover bghin films over a wide temperature range. We chose films of
tween an Ambegaokar-Baratoff-like temperature dependencearious thickness and,. that were grown on different sub-
of the critical current at low temperatures to a Ginzburg-strates using various deposition methods. These thin films
Landau-like T.—T)%? dependence at high temperatures.have allowed us to study whether the dissipation is an intrin-
The crossover was observed for both depairing and depirsic in nature or whether it is affected by extended defects
ning critical currents irc-axis-oriented YBCO thin films and such as twin boundaries or dislocations. We have used ring-
in a granular YBCO. The experimental data implied the presshaped thin films in order to generate a circulating persistent
ence of superconducting nanoscale doméirisan effective  supercurrent at the critical level. The persistent current's
size of about 30-40 A in YB&£uw0,_;of §<0.1) coupled  self-field was measured by a scanning Hall probe which was
by Josephson tunnel junctions in theb planes of YBCO also applied to record the time decay of the self-field over a
thin films. These findings are in agreement with the Clem’stime scale up to 30 000 s, at temperatures over a range of
model (Ref. 10 of an Ambegaokar-BaratoffAB) to a  10-90 K. This procedure is equivalent to a standard proce-
Ginzburg-LandauGL) crossover effects in the temperature dure of measuring relaxation of remanent magnetization in a
dependence of the critical current in strongly coupled granusuperconducting quantum interference device magnetometer.
lar superconductors. According to Clemt all® at the We have measured the relaxation of the persistent current
AB—GL crossover temperature In(T) of granular super- from the critical level and calculated the dependence of the
conductors, the Ginzburg-Landau coherence length is of theffective barrield .¢(J) for vortex motion on the current den-
order of the grain size. The observation of ABSL cross- sty using Maley’s method’ U .(J) was then compared with
over effects in YBCO, in combination with the short coher- the temperature dependence of the critical curdg(it). An
ence length in this compound, indicate, therefore, the presempirical formula forU .(J) was found to depend on a par-
ence of a nanoscale-size granularity. The size of thesticular regime ofJ.(T), which is represented by either an
nanoscale grains decreases with an increasing oxygen defimbegaokar-Baratoff-like or a Ginzburg-Landau-like be-
ciency and with an increasing applied magnetic field. This ishavior.U.(J) is independent of thin-film growth conditions,
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TABLE |. Superconducting transition temperatufFg at zero resistance, film thickness, critical current
densityJ. at 10 and 77 K, deposition method, and substrates used, are listed for all YBCO thin films that
were investigated in the course of this work. Note tifatlenotes an “apparent’ critical current density which
is defined as the ratio of the critical currdptto the cross-sectional aréaof the sample. The actudl may
be higher if the current flow occurs through a reduced cross-sectionaharea

Film
Sample thickness  J2 (Alcnd) J2 (Alem?) Deposition
number T. (K) (nm) 10K 77K method Substrate
1 90 500 1.x10 1.5x 10° dc-magnetron LaAIQ
2 90 130 1.&10° 1.2x10° rf-magnetron LaAIQ
3 90 200 6.K10° 7.1x10° Laser-ablation LaAIQ
4 91 200 1.&%10 1.7x10° Laser-ablation LaAIQ
5 91 200 1.&10 1.7x10° Laser-ablation LaAIQ
6 90 100 3.x10 2.3x10° Laser-ablation SITiQ
7 87 280 6.%x10° 2.4x10° rf-magnetron SITIQ
8 87 120 2.%x10 7.1} 10° rf-magnetron LaAIQ
9 81 350 7.%X10° 8.2x 10 Laser-ablation LaAIQ
substrates, film thickness afid, suggesting that an intrinsic B. Measurement of the persistent current relaxation
property of YBCO is responsible for the dissipation of the and the critical current

persistent current. Discussion of these results is provided We have measured the temperature dependence of the re-

within the framev_vork of a discrete m0(_jel, n Wh.'Ch then laxation of the persistent current from the critical level, and
planes are described as superconducting domains, each cop-

parable in size to the coherence length and coupled togethere magmtudg of the critical current, using ring geometr_y
by resistively-shunted Josephson junctions and a scanning Hall probe. The persistent current was in-

duced in the zero-field-coole@FC) ring at temperatures
below T. by applying and subsequently switching off an
external magnetic field generated by a nonsuperconducting
A. Sample preparation (copper-woungsolenoid. The direction of the field was par-

The samples used in these studies were epitaxia"l‘”m to the axis of the_ rindthe ¢ axis of th_e YBCO film.
c-axis-oriented YBsCu,0;_ s thin films grown on oriented The profile qf the persistent curren_t’-s self-field was recorded
single-crystal substrates of LaAJ®@r SrTiO; heated to high by @ scanning Hall probéof sensitive area 0.4 mimand
temperatures between 750 and 800 °C. The films were growd 2 MG in sensitivity over a scanning distance of 27 mm
using three different deposition methods: laser ablation, décross the ring, and at a constant height of 2.5 mm above the
magnetron sputtering, and rf magnetron sputtering. Laser alsing’s surface. We were able to measure both the dpiai-
lation is a fast deposition process which lasts approximatelpendicular to the rings surfacand the radia(parallel to the
5-15 min, magnetron sputter deposition, on the other handing’s surfaceé components of the self-field. The Hall probe
requires very long thin-film-growth times of the order of was kept at room temperature and in air in order to avoid any
10-15 h. We have investigated nine YBCO thin films whichoffsets in the reading of the magnetic field, while the sample
were manufactured by various laboratories. Laser-ablatedias in thermal contact with a copper block whose tempera-
films were supplied by IBM TJ Watson Research Centerture was controlled over a range of 10-95 K with a GaAlAs
McMaster University, CTF Systems, and Purdue Universitydiode and Pt resistance thermometers and an inductionless
The films grown using an off-axis dc magnetron sputterheater. An increase of the persistent current’s magnitude was
deposition were provided by Westinghouse STC. An off-axisachieved by increasing the external magnetic field. The criti-
rf magnetron sputter-deposition method was applied to proeal level of the persistent current was reached when the cur-
duce YBCO thin films at University of Alberta. The thick- rent's self-field attained a saturation. An external magnetic
ness of the films ranged approximately from 100 up to 50(ield less than 1 kG was sufficient to saturate the self-field
nm. We have investigated six films df,=90-91K, two over a temperature range between 10 K @pd The magni-
films with T.=87 K, and one withT,=81 K. All these films  tude of the critical current was inferred from the saturation
were characterized by high critical current densifyat 10 K value of the axial component of the self-field using the Biot-
of 6x10°—3x 10" Alcn. J, is approximately an order of Savart law. This technique allowed us to measure the tem-
magnitude less at 77 K for all films with,=90-91 K. The perature dependence of the critical current over a wide tem-
basic information, such ag;, film thicknessJ. at 10 and 77 perature range between 10 K ahgd(see Ref. 9 for details of
K, deposition method and substrate, is listed in Table | for althe measurement procedur&able | contains]. at 10 and
investigated films. The films were patterned using photoli-77 K obtained with the method described above for all
thography technique in a form of rings of outer and innerYBCO films used in these studies. The measurement of the
diameters of 8.5 and 5.0 mm, respectively, for all samplespersistent current’s self-field also enabled us to record the
except sample 2 which has an outer diameter of 10 mm antelaxation(time decay of the persistent current from various
an inner one of 6 mm. levels of the current up to the critical value. The relaxation

II. EXPERIMENTAL PROCEDURE
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data were taken over a time range of 1-40 000 s at tempera-
tures between 10 K andl,. Figure Xa) presents the distri-

butions of the axial and radial components of the persistent
current’s self-field measured 30 and 10 000 s after the critical
state was established in the zero-field-cooled ring. The pro-
files were scanned by a Hall probe at a distance of 3 mm
above the ring. The self-fiel@rapped fielg, normalized to

its value at the ring’s centdfFig. 1(b)], reveals that the re-

laxation processes do not affect the shape of the profiles.
This indicates that the normalized relaxation rate is constant

across the ring and the fast decay rates are absent at the

ring’s outer edges. The solid lines in Figial represent the
computer simulations of the axial fiell, (r,z) and the ra-
dial field B, (r,z), using the computation methods described
in Refs. 18—20. The ring was divided into 2000 concentric
ring segmentgof cross-sectional area 0x®.5um?). The
axial and radial fields generated by the current in each ring
segment were calculated from the Biot-Savart equétion.
The total axial and radial field above the sample was ob-
tained by summing up the contribution from the individual
current loops. Perfect fit to the experimental data was
achieved with the uniform distribution of the current across
the ring’s width[Fig. 1(c)]. The relaxation processes affect
the magnitude of the current density but not its distribution.
When a critical persistent current is induced in a ring, it
applies the Lorentz force on the vortices trapped in the bulk
of the ring, which pushes flux lines in the radial direction out
of the ring. The vortex-line motion generates the electric
field E=(1/c)(B'x V). We takeB' in the z direction (the
ring’s axig which represents the local magnetic inductBip
due to the axial component of the persistent current’s self-
field, andv the drift velocity of vortices in the radial direc-
tion from the ring’s axis. Thek is in the azimuthal direction
(along the axis tangent to the ring’s perimé¢tend its mag-
nitude isg,=(1/c) B'Zvr . Because of the cylindrical symme-
try and the independence of the vortex motion on the tangen-
tial coordinate #, one could treat the problem as one-
dimensional one and replace cylindrical coordinate®,z)

with Cartesian onesx(y,z). Then for the motion of flux in
the x direction and with the local inductioB),, the magni-
tude of E is E,=(1/c)Blv,. Using the Maxwell equation
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curl E=—(0B/dt), the equation that describes flux motion
(and consequently the decay of the persistent current due
the motion of vortices in the ring’s bullcould be written in
the following form:

B!,
T

JE,

aB),
X

gt

oY)

where the drift velocityv, is taken constant along the
direction and equal to

vy=wod eXf — Ues(J)/KT]. (2
Herew is the characteristic attempt frequenayis the hop-

ping distance, andl .+(J) is the effective energy barrier for
the thermally activated hopping. The resulting equation

B!, B,
i wod — exfd —Ugx(J)/KT]

ax ®

FIG. 1. (a) The profiles of the axial and radial trapped fields
By(r) and B,(r) measured across the ring of YBCO film 1 at a
distance of 3 mm above it, after waiting 30(gpen circley and
10 000 s(full circles). The profiles represent the axial and radial
components of the persistent current's self-field. Distances
+2.5 mm and = £4.25 mm mark the inner and the outer edges of
the ring. The sample was zero-field cooled down to 30 K, before an
external field of 700 G was applied and subsequently reduced to
zero in order to generate the persistent current at the critical level.
The solid lines represent the computer simulati(see text of the
axial and radial profiles using the Biot-Savart law and the current
distribution shown in(c). (b) The profiles of the axial and radial
trapped field taken fronfa), which are normalized using the maxi-
mum values of the axial and the radial trapped fields. Note that the
shape of both profiles does not change during persistent current’s
decay, suggesting that the normalized decay rate remains constant
across the ring. (c) The distribution of the persistent current den-
sity J(r) in the zero-field cooled ring at 30 K after waiting 30 s
(solid line) and 10 000 gdotted ling. This distribution was used to
perform computer calculations of the profiles of the axial and radial
components of the self-field of the persistent currentain
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§ 02t M Pl ] the magnitude of the persistent currénigiven by the Biot-
g ; Y Savart law, the decay of the persistent current is described b
S S A yOmep g
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FIG. 2. The profiles of the axial componeByj(r) of the persis-
tent current’s self-field at the critical value, measured at tempera- dJ wea
tures of 30 K(open circley 50 K (open triangles and 70 K(full T R. J exd —Uex(J)/KT]. (8
id

circles in the zero-field cooled ring of YBCO film 1 at a distance of
2.5 mm above it. The profiles are normalized to the value of theThe effective energy barrier can be extracted from the above

field at the center of the ring. Note that the shape of the profile i%quation in the following form:
independent of temperature. Distances=2.5mm andr=
A e
dt " Rq

+4.25 mm mark the ring’s inner and outer edges.
J|—-C 9
dt ' ©

whereC=In(wya/Ry) is a constant which is independent of
the magnetic field or the current. The constags is a pref-
[ [ _gl (Y
(9_32 __ B2(Ria) —B3(Roa) _ B2(Ria) (4) actor in Eq.(2) for vy and it equals the velocity of a vortex
X d Rig ' line when the probability of each hopping process in the
_ ) _ direction of the Lorentz force is one. Maley al}” estimated
whereR;q and R, are the inner and outer radii of the ring, wya=0.25 m/s from the measurement of magnetic relaxation

Uei(d)= —KT In

can be modified further by taking into account the gradient
of B'Z over a distance, which was measured by a Hall probe
at a heightz above the ringFig. 2). The data show that the
gradient ofB), is

=—kT(In

respectively, andl is the width of the ring. in a grain-aligned sample of YBCO powder. The upper limit
Equation(3) written for the local inductiorB'Z atx=Ryg of wga=10 m/s for the thermally activated flux motion was
is estimated by Schnackt al?> They took smaller value of

wgad=2 m/s in the calculation of the magnetic moment hys-
teresis loop by means of a numerical solution of the flux-

: ‘
20 L YBCO#T Ao (6)

zrc 1ok g 525330.540 creep differential_equatio.n. We usedha=2 m/s andRjy
ook o sz =2.5mm to obtain tentative value 6f=6.7.
80 We applied Maley’s methddin order to calculaté) .4(J)
50t 50 ] over a wide range ad. The measurement of the time decay

of J from its critical valueJ. at a fixed temperature, over an
experimentally feasible time range of 1-100 000 s, allows
the change ofl by only 20%% Maley et al. were able to
extend the accessible region &ty recording the decay of
magnetization from its critical valu®l «J. for various tem-
peratures below .. Changing a temperature ensured a con-
tinuous change inl;, and permitted the measurement of
U#(J) for a wide range of current. At each temperature mag-
netic relaxation measurements were used to diMidt as a
function of the current density. As a result, a curve of
U J(T)] versusJ(T) was produced, which consisted of
FIG. 3. The profiles of the axial componeBj(r) of the self- mu!tipl(_a segments, e_a_ch representing the time c_Jecay of mag-
field of the persistent currents circulating in a ring of YBCO film 1. N€tization from its critical value, measured at different tem-
Persistent currents, of various levels up to the critical value werd€ratureT. The temperature dependenceUny{J(T)] was
induced in the ring at 20 K after an external fields between 250 an@liminated by Maleyet al. by introducing a temperature-

540 G were applied to the zero-field-cooled sample. Distanees dependent factét?° G(T)=1—(T/T,)? whereT, is a char-
+2.5 mm and = +4.25 mm mark the ring’s inner and outer edges. acteristic temperature taken from the magnetic irreversibility

The profiles were measured at a distance of 2.5 mm above the rintjne. Plotting ofU o+ J(T)]/G(T) versus] produced a continu-

Trapped Field (CG)

Distance (mm)
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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 waiting time.
The decays were measured at temperatures of 20 and 50 K in the ring of YBCO film 1. The calculation of the energy Jéfyieas
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 decay curves
of the persistent currents close to the critical value merge after waiting approximately 1000 to 2000 s.

ous curve. However, Berghuet al® argued that there is an 40 000 s. Figure 5 presents the “Maley’s” segmentdJQf
uncertainty in the Maley’s temperature-dependent correctio@s a function of the current calculated from the relaxation
factor G(T), which does not allow one to discriminate be- data(which were measured every 5 between 10 K and 85 K
tween various nonlinear scenarios 9gq(J). for six different YBCO thin films ofT,=90—91 K. We have

Our procedure involves the measurements of the relaxnade the comparison of the dependencégf on the cur-
ation rates of the persistent current from the critical level as

a function of the current density for temperatures taken
evel 5 K between 10 and 85 K. These measurements were
used to finddJ/dt vs J, whose value is necessary for the
calculation ofU 4«(J) from Eq. (9).

T T

YBCO#1, T =90K
YBCO#2, T =90K
YBCO#3, T.=90K
YBCO#4, T =91K
YBCO#5, T =91K
YBCO#6, T =90K

® D 4 4 @& O

lll. EXPERIMENTAL RESULTS

The profiles of the axial component of the self-field of the
persistent current circulating in zero-field-cooled rings of 2
YBCO thin films, have been measured over a temperature 1 %501(
range of 10—85 K. Figure 3 shows typical profiles measured :
at 20 K for various levels of the persistent current between

zero and a critical valué.. The decays of the persistent %351{ E
current have been recorded over a time range between 1 and § 30K

40 000 s, and evgr5 K over a temperature range 10—85 K. oost B0 W Q25K

Typical plots of the current versus logarithm of time for vari- i\ \s Q20K

ous currents between zero ahdat 20 and 50 K are shown 3 Vg &75K

in Fig. 4. For currents close th, the initial decays up to 02 ¢ \ NN ®70K7
approximately 1000 s are not fully logarithmic. After 1000 s 0 T T T
the relaxation curves merge and a common “steady-state” CURRENT (4)

logarithmic decay is established. The initial nonlogarithmic

decay.of magnetization in YBCO was reported by Gurevich gig. 5. The dependence of the energy bartigg on the mag-
and Kipfer® and interpreted as due to the redistribution ofhitude of the persistent current for six YBCO ring-shaped films
magnetic flux over the sample volume. Therefore, we havérom 1 up to 6.U 4 was calculated from the relaxation d4Fig. 4)
calculatedU .(J) from a steady-state logarithmic portion of using the Maley’s procedure. The “Maley’s” segments were cal-
the relaxation curve for waiting times between 2000 andculated evey 5 K for temperatures between 10 and 85 K.
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FIG. 6. The comparison of the temperature dependence of the critical cigt@ht(see figures on the lgftvith the dependence of the
energy barrier on the currebke(1) (figures on the right measured in YBCO ring-shaped films 1, 2, and 3. Note that the similarities of the
shape ofl (T) to that of U4(I) imply that the energy barrier is a function Qf(T).

rent with the temperature dependence of the critical current The temperature dependencelgfis not affected by the
(Figs. 6—8. YBCO thin films of T.=90-91 K could be di- decay of the current from the critical levéFig. 9. This
vided into two groups characterized by differeht(T) means that Eq(10) is valid over the whole experimental
curves: the low-temperature reductionlgfnormalized td,  range of the relaxation times. In order to identiyJ) we

(10 K) for YBCO films 4, 5, and GFig. 7) is larger than the plotted U«/I(T) versus current in Fig. 10 for six YBCO
corresponding decrease bf for YBCO films 1, 2, and 3 films of T,=90-91 K. The data imply tha(J) could be
(Fig. 6). The temperature dependence of the critical currentepresented by an exponential or a double-exponential func-
in YBCO films 7, 8, and 9Fig. 8), which have a lowefT tion.

equal to 87 and 81 K, are essentially similar to those for

YBCO with T.=90-91 K. The dependence bf, on the

current, seen in Figs. 6, 7, and 8, resembles that of the criti- IV. DISCUSSION

cal current on temperature. One could conclude thaiJ)
contains the temperature dependencé.ofwhich is, in fact,

a consequence of the Maley’s method adopted in our studie
We assume that 4(J) could be, therefore, written in the
following form:

The experimental datéFig. 10 revealed thatl«(J) is
gescribed by an exponential or a double exponential function
of J, if the temperature dependence Xyfis separated from
the current-dependent part 0ty [Eq. (10)]. The question is,
what is the origin of the exponential form bf.+(J) and how
it is related to the temperature dependence of the critical

Uer(J) =3c(T)-F(J), (100 current densityl(T). In an attempt to answer this question,
we produced two graphs for each YBCO thin fi(fFigs. 11,
whereF (J) is a certain function of the current density. Equa- 12, and 13. The first one show§l (T)/1.(10 K)]?® versus
tion (10) is a simplified version of a very general relation for T/T, and the other one the logarithm &f./1(T) versus
Uer(BH D=G(M[I(H. T/I(H,0)]7f(q,H), where q 1/1,(0K). Regarding the first graph, by plottifd(T)]?*
=J/J.(H,T) andH is the external magnetic field. This rela- versus temperature, we were able to separate a GL-like de-
tion has been proposed by Schnatlal>’ who introduced a  pendence of(T) from an AB-like behavior. Theoretical fits
general inversion scheme in order to obthig;(J,H,T) from  to the experimental data were performed taking a superposi-
magnetization measurements. tion of two dependences of the critical current on tempera-
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FIG. 7. The comparison of the temperature dependence of the critical clgt@ht(see figures on the lgftvith the dependence of the
energy barrier on the currefito«(I) (figures on the right measured in YBCO ring-shaped films 4, 5, and 6. These films have different
temperature dependencelgffrom that observed in YBCO films 1, 2, and(Big. 6), which is characterized by the larger low-temperature
reduction ofl;/1.(10 K). Note that the similarities of the shape Ig{T) to that of Ug4(l) imply that the calculated energy barrier is a
function of I .(T).

ture: a GL-like (T.—T)%? dependence and an AB-like de- cedure, requires a continuous change in the critical current as
pendenceFig. 14). An AB-like dependence was calculated a function of temperature. This means that at low tempera-
from the Clem’'s model of an Ambegaokar-Baratoff to atures, the calculated .4(J) should characterize flux-pinning
Ginzburg-Landau crossover il (T) of granular supercon- barrier of a superconductor which exhibits a GL-IkgT).
ductors(Ref. 10 using the coupling constary, as a fitting At high temperatures close ., on the other hand, .x(J)
parameter. The experimental results and the theoretical fitshould describe pinning of a superconductor with an AB-like
for 1¢(T) in YBCO films of T,=87-91 K (Figs. 11-13  I4(T).
suggest that high critical current density YBCO films behave The comparison of the experimental data fogq/I(T)
like a stack of twoc-axis-oriented films each having differ- versusl/I (0 K) with those for the temperature dependence
entl(T). Earlier studies of the crossover in the temperatureof the critical current shown in Figs. 11-13, implies that in
dependence of the critical current in YBGRef. 9 and Fig. the GL-like regime of the critical current)«/I(T) is de-
3(a) in Ref. 2§ point out that oxygen-deficient thin films are scribed by an exponential function. For the AB-like regime
characterized by a GL-likeT.—T)*? dependence, and thin of I (T), Ux/I(T) is represented by a double-exponential
films close to the optimum doping exhibit an AB-likg(T). function. Note that the straight solid lines drawn through the
Therefore, the superposition of a GL-like and an AB-like experimental data fod ./1(T) vs 1/1,(0 K) in Figs. 11-13
I+(T) indicates that each YBCO film may be modeled as ehave similar slopes for all samples. This suggests that for
stack of two films of low and high oxygen deficiency. thin-film superconductors with a GL-like temperature depen-
It is important to note that the temperature dependence adence of the critical current) «/I(T) has a universal expo-
the Josephson critical current calculated for optimally dopedhential form with a fixed factor in the exponent. Deviation of
(T.=90 K) YBCO with d-wave pairing®*°predicts the lin- the data points from the solid lines for small currents
ear temperature dependence R{T) at low temperatures (high temperaturgs seen especially clearly for YBCO
and not [T.— T)%? dependence. samples 3—6 and 8, is related to another exponential function
At low temperatures, the AB-like part df(T) changes with a fixed argument(see Fig. 1% Therefore, for
very little, and|.(T) is dominated by the GL-like depen- thin-film superconductors with an AB-like temperature de-
dence. Calculation of)(J) according to the Maley’s pro- pendence of the critical current)y/I(T) is described
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FIG. 8. The comparison of the temperature dependence of the critical clgt@ht(see figures on the lgftvith the dependence of the
energy barrier on the currebty(1) (figures on the right measured in YBCO ring-shaped films 7, 8, and 9. These films are characterized
by a lowerT, than that for YBCO films from 1 to &Figs. 6 and Y. Note that the similarities of the shapelg{T) to that of Ux(l) imply
that the calculated energy barrier is a function (fT).

by a universal double-exponential function. GL-like regime, which determines changesl{T) at low
In Fig. 16, we have plotted the magnitudes of the argutemperatures, this slope isr®. For the AB-like behavior,
ment of the exponents for each sample, which are reprewhich dominatesl .(T) at high temperatures close .,
sented by the slope {d In[Ug/I(T)Vd[1/1.(0 K)]}. For the  Ugx/1(T) is a sum of two exponents with slopes of 2 and
97/2. The slopes for both the GL and AB-like regimes do
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FIG. 9. The dependence of the magnitude of the persistent cur- 0 005“ e an o o o

rentl on time, measured in the ring of YBCO film 6 ey&s K over 0 20 40 60 80 100

a temperature range of 10—-85 K. The inset shows the same results I(4)

plotted for the magnitudes of the currel(t) at various times

normalized to the value df(t) at 10 K. All the data lie on the same FIG. 10. The dependence 0Of/1(T) on the current presented
curve, indicating that the temperature dependence of the criticdbr six YBCO thin films. The inset present the data plotted using an
current is preserved during the decay of the current. extended scale.
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FIG. 11. The dependence of the critical current on the normalized tempe(ploited ag | .(T)/1.(10 K)]1?® versusT/T, in figures on
the lef) compared with the dependence of the energy barrier on the clipletted as U /I(T) versusl/I; (0 K) in figures on the right
for YBCO ring-shaped films 1, 2, and 3. (), (b), and(c) the open circles mark the experimental datal{¢). The solid lines represent
theoretical fits to the experimental data: they are the superposition of the GL-like depeiidasived linesat low temperature and the
AB-like dependencgClem’s model(solid triangle$ with the coupling constant,=0.1 for (a) and(c), ande,= 100 for(b)]. In (d), (e), and
(f) the solid straight lines indicate that the dependencélf;/I(T)] on I/1,(0K) is exponential. Note that their slopes are sample
independent.

not depend on the choice of the magnitude of the con€ant  According to Tinkhant! and Kulik and Yansori? within

in Eq. (9). However, for a constan€ around 5-10, one the resistively-shunted junction model, the time dependence
obtains the best alignment of the Maley’s segments. The exsf the gauge-invariant phase differengén the presence of
perimental results provided us with the empirical formulasan externally supplied bias current, can be derived by equat-

for Ug(J). In the GL-like regime ofl ((T) ing the bias current to the total junction current from the
two parallel channels, as follows:
37
Uer(J) _aJC(T)eXp( T2 J_CO) ! (D | =1 sin ¢+ VIR, (13)

wherea is a constant and, is the critical current density at \\herev is a voltage difference which is maintained across
T=0K. In the AB-like regime off o(T) the junction,R is the damping resistance, ang, is the

37 J 97 J maximum Josephson current. Eliminatixign Eq. (13), one
Uer(3)=Jc(T)| a; exp — c°T +a, exp( T ' obtains a first-order differential equation.

2 Jy 2 Jgo

fi d¢ |

wherea, anda, are constants. Recalling the experimental 2eRl, g¢ Fsin ¢= leo' (14

observations of nanoscale-size domains coupled by Joseph-
son tunnel junctions in tha-b planes of YBCO(Refs. 8 and whered¢/dt=2eV/%. Equation(14) can be written as
9), we identify the factors— (3#/2)J/J.o and (97/2)J/ I
with tilted washboard potentials for overdampeeksistively-
shunted Josephson junctions which are locked at phases of

. (15)
37/2 and 97/2. dt fi

——sin ¢

d¢  2eRlg ( |
|cO
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FIG. 12. The dependence of the critical current on the normalized tempe(ploited ag | .(T)/1.(10 K)]1?® versusT/T, in figures on
the lefy) compared with the dependence of the energy barrier on the clipleted as U /I(T) versusl/1 (0 K) in figures on the right
for YBCO ring-shaped films 4, 5, and 6. (), (b), and(c) the open circles mark the experimental datal{gi). The solid lines represent
theoretical fits to the experimental data: they are the superposition of the GL-like depeiidasived linesat low temperature and the
AB-like dependencéClem’s model(solid triangle$ with the coupling constart,= 100 for (a), (b), and(c)]. Note that the GL-like part of
1.(T) is limited to a narrower temperature range in comparison to that for YBCO 1, 2, @fid.3L1. In (d), (e), and(f) the solid straight
lines indicate that the dependence[ by /1(T)] on I/1.(0 K) is exponential. Note that their slopes are sample independent, and the same
as for YBCO 1, 2, and 3Fig. 11).

Whenl only slightly exceeds .y, d¢/dt is always posi- and 97/2. This suggests that the effective energy barrier for
tive but varies periodically with sigp. The maximum value vortex motion in YBCO thin films depends on the properties
of the instantaneous voltage is obtained when the phasgf intrinsic Josephson junctions. From the point of view of
passes through@/2 mod 27 (sin ¢=—1). This case corre- the vortex motion, YBCO film behaves like a single Joseph-
sponds to a maximum resistive dissipation in a Josephsogon junction or a very coherent array of Josephson junctions.
junction. Note that the current densityin Egs.(11) and(12) rep-

Introducing the effective potential of the junctitfy as @  resents the magnitude of the persistent current circulating in
function of ¢ the ring. The profile of the persistent current’s self-field in
the ring can be simulated by that of the vortex field trapped
in a disk of the diameter equal to the outer diameter of the
ring. Therefore, the current densifiycan be also treated as

where E;=1il o/2e is the Josephson coupling energy, thethat due to the total vortex current. _

voltage pulses correspond to the value Wf locked at a We interpret the d|§S|pat|on of the persistent current as

phase of 3r/2: due to the vortex motion through the Josephson nanostruc-
tures known to be present in YBCE.In this model thea-b

3 37 [ | 37 J
Ui(?) - (G) Ej=- o (J_CO which are coupled by resistively-shunted Josephson tunnel

junctions. We assume that the pinning arises from a variation

—(3m/2)(I/I0) and— (97/2)(3/Je) Which represent tilted of the order parameter from cell to cell leads to the spatial

“washboard” potentialU;(¢)/E; locked at phases of®@2  variation of the Josephson coupling energy between the cells

#il
Uj(¢)=—E; COS¢—(£)¢, (16)

E. (17

planes consist of cells of a few nanometers in $iig. 17),
The exponents in Eqg11) and (12) contain factors of of the order parameter within the cell structure. The change
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FIG. 13. The dependence of the critical current on the normalized tempe(gtoted ag | (T)/1,(10 K)]%® versusT/T, in figures on
the lef) compared with the dependence of the energy barrier on the clipletted as U /1(T) versusl/1 (0 K) in figures on the right
for YBCO ring-shaped films 7, 8, and 9, which have a lowgrthan 90 K. In(a), (b), and(c) the open circles mark the experimental data
for 1(T). The solid lines represent theoretical fits to the experimental data: they are the superposition of the GL-like dejjeasieade
lines) and the AB-like dependend€lem’s model(solid triangle$ with the coupling constant,= 100 for (a), (b), and(c)]. In (d), (e), and
(f) the solid lines indicate that the dependencgWf;/I(T)] on1/1.(0 K) is exponential. Note that their slopes are sample independent and
identical to those presented in Fig. 11 and 12 for YBCO 1 to 6.

in the a-b plane and between the cells on adjacent planes iin the array. Maximum resistive dissipation is expected for
thec direction. According to Clenet all° for a square array the case of a spatial phase coherence.
of Josephson junctions with lattice paramedgr the vortex Calculation of the power spectrum of the voltage in a
structure is determined by the array’s geometry and the vorNb/AIO, /Nb square array of Josephson junctions for differ-
tex core size is set bg,. ent levels of the bias current has been performed recently by
We postulate that the dependencelhy on the current Lachenmanret al3® For large bias currents above the array’s
densityJ [Egs.(11) and(12)] reflects in-phase oscillations of critical current, junctions in the array oscillate coherently and
the Josephson array due to the collective motion of all thehe power spectrun®(v) consists of sharp peaks at equal
vortices trapped in the ring. The vortex motion occurs in themultiples of frequencyvr=eVRi./7h (where Rg is the
radial direction from the inner to the outer edge of the ringshunt resistance arid is the critical current of each junction
under the influence of the Lorentz force exerted by the cirin the array.
culating persistent current. The vortices travel along long These results imply that the phase coherencerd® &nd
Josephson junctions of the array from cell to cell. During this9#/2 observed in our experiments could represent the first
motion they experience a modulation of the Josephson cowand the third harmonics of coherent oscillations of the
pling energy on a scale of a few nanometers. A possibledlosephson-junction array.
scenario for the dissipation of energy in the array involves According to our interpretation, dissipation of the persis-
vortex currents which sweep the array and act as bias cutent current could be caused by the motion of Josephson
rents for Josephson junctions between the array’s cells. Bexortices in the array. Due to a curvature of magnetic flux
cause of the modulation of the Josephson coupling energy ilnes trapped in thec-axis-oriented ring, the vortex lines
the array, if the sum of the vortex current and the persistenform an angle with the direction perpendicularah planes
current exceeds the Josephson critical current for junctions qt-axis direction. In a layered superconductor, these vortices
the weakest coupling, the phase-dependent voltage appeare viewed as chains of two-dimensional pancake vortices
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FIG. 14. The dependence of the critical currénbn the normalized temperatuléT., according to various theoretical models which
were utilized in the fits to the experimental data shown in Figs. 11, 12, an@d)1#&), and(c). (a) and (b) show a GL-like {[,—T)%?
dependence dfy(T), AB dependence df,(T), and Clem’s calculations of the crossover from AB to GU {iT) with coupling constants
£0=0.1 and 100(c) presents a superposition of the GL-likgT) with that of Ambegaokar-Baratoff and Cleitd), (e), and(f) contain the
results of(a), (b), and(c), plotted ag 1(T)]?® versusT/T,.

connected by interplane Josephson-type vortites.pan-  pling energy between the planes. When the temperature
cake vortex can be viewed as a finite segment of height equalependence df; is AB-like, the supercurrent flows through
to the interlayer spacing, of an Abrikosov vortex directedthe Josephson nanostructures in ghié planes. Therefore,
along thec axis. the in-plane pancake vortices change their character from
The data obtained from our relaxation measurementébrikosov- to Josephson-like. The flux lines experience the
show that there is a relationship between the temperatummodulation of the Josephson coupling energy both irathe
dependence of the critical curré{T) and the relaxation of planes and between the planes. In this case, the first exponent
the persistent current. We assume that when the temperatundgth a phase of 3/2 in the expression fod ¢(J) [Eq. (12)]
dependence ofl. is GL-like, the supercurrent does not is determined by the spatial variation of the Josephson cou-
“see” the Josephson nanostructures in theb planes. pling energy between the planes, similarly to the GL-like
Therefore, the vortex segments perpendicular to the planesmse described above. The second exponent with a phase of
are Abrikosov-like. The interplane segments which join the9/2 is attributed to the modulation of the Josephson cou-
Abrikosov ones are the Josephson strings which experiengaing within the array in thea-b planes.
the spatial modulation of the Josephson coupling energy be- Additional experimental evidence which relates the expo-
tween the planes. Persistent current circulating in the ringient with a phase of /2 to the motion of the interplane
exerts the Lorentz force on the Abrikosov segments but nodosephson vortices in a superconductor with a GLAIK&)
on the Josephson strings. The Josephson strings move he-thea-b planes, has been provided by the measurements on
tween the planes due to the drag force applied to them by théBCO thin film 9 with T,=81 K [Figs. 13c) and 13f)].
Abrikosov segments. In this case the energy barrier for vorThe temperature dependence of the critical current in this
tex motionU ¢«(J), [expressed by Eq11)] should be deter- sample is dominated by the GL-like regirfféig. 13c)] over
mined solely by the spatial variation of the Josephson coua wide temperature range of 10—60 K. The reduction of the
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FIG. 15. The dependence of the energy bafriég;/1.(T)] on the normalized curreni| (0 K) plotted for YBCO ring-shaped films 4,
5, 6, and 8. These films are characterized by the pronounced AB-like behavigidfclose toT. (Figs. 11, 12, and J3and the deviation
of [Ug/1(T)] from the straight solid line at small currents. The segments on the dashed lines represent the data obtained by subtracting
[Ue/1(T)] at low currents from the solid lines. In these caBdsg;/1(T)] is a double-exponential function ofl (0 K).

AB-like contribution tol .(T) at low temperatures by a factor extended defects in the pinning mechanism in YBCO have
of 3—4 in comparison to that in other samples, does nobeen also drawn by Griessenal? in his work on pinning in
change the magnitude of the phase in Bdq). YBCO thin films.

Recent measurements of the microwave surface imped- According to earlier resultée.g., Ref. 9 and Halbritter’s
ance in thea-b planes of ultrapure YBCO single crystidls model® the major channel of the supercurrent conduction
performed by Zhaiet al3® imply that the crystal responds across the grain boundaries is established through the inter-
like a single Josephson junctidor a coherent array of Jo- grain strong links. These strong links are the microbridges
sephson junctionsto an ac-drive current in tha-b plane. whose structure is the same as the grain, i.e., consists of
Their data were analyzed using a resistively-shunted Joseplesephson nanostructures. The twin boundary layer thickness
son junction model. The authors concluded that the extraomwas found to be between 10 and 20 A in optimally doped
dinary coherence of the data suggests an intrinsic effectyBCO.3’ This is of the order of the cell size in the Josephson
however, they expressed doubts that defects like twin boundarray in thea-b planes of YBCO. This means that the tem-
aries in YBCO crystals could respond in such a coherenperature dependence of the critical current in this case is
manner. governed by the Josephson tunnel junctions in the array and

We have ruled out that the structure of the twin bound-the weakly pinned vortices are able to shear along these
aries in YBCO thin films is responsible for the observedwhich are strongly pinned by the grain boundaries such as
vortex motion and consequently for the dissipation of thetwin boundaries or high angle boundaries.
persistent current. This is the result of the independence of The empirical formulas for the energy barrier given by
the experimental data for the energy bariigr(J) and the  Egs. (11) and (12) should be modified in order to include
critical currentl(T), on the growth conditions of YBCO the condition Ug4(J;)=0. We could write Ugg(J) in the
thin films, substrates, film thickness and the magnitude of théorm U 4(J)=J«(T)-F(J), like in Eq. (10) where F(J)
critical current densityl.. The structure of the twin bound- =a exp(— (37/2)J/J.o) for a GL-like regime ofl ((T), and
aries is known to be sensitive to oxygen cont¥nf Since  F(J)=a; exp(— (37/2)J/J.)+a, exp(— (97/2)d/ ) for
U#(J) is also independent of; [see Fig. 1&), 13(e), and  an AB-like behavior o1 /(T). The new version of the energy
13(f)], this is an additional evidence that the energy barriebarrier should be represented by
for vortex motion is not affected by the presence of extended
defects in the films. Similar conclusions about the role of Uer=Jc(T)[F(I)—F(Ic)] (18)
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FIG. 16. The magnitudes of the argument in the exponents oerned by the Josephson potential with a phasem®®23 For
[Ugx/l(T] for each YBCO thin-film sample, which are repre- an AB-like behavior ofl.(T), Ues(J) is described by a
sented:(@) by the slope of the straight solid lines in Figs. 11, 12, double-exponential function with the Josephson potentials
and 13(d), (e), and(f) for the GL-like regime ofl .(T); and(b) by locked at phases of@/2 and 97/2. From the point of view
the slope of the straight dashed lines in Fig. 15 for the AB-likeof vortex motion, YBCO thin films behave like a single
regime ofl ¢(T). resistively-shunted Josephson junction or an extremely co-

herent array of resistively-shunted Josephson junctions. This
behavior is independent of the growth conditions of the
for both cases. YBCO films, film thickness, substrates, and the magnitude of

A very good fit of the experimental results for(J) ina  J. andT.. We interpret the dissipation of the persistent cur-
TIBCCO (2223 single crystal to a double-exponential func- rent as due to the collective motion of vortices through the
tion has been produced by Mexnetal*® The authors ap- nanoscale array of overdamped Josephson junctions. The ar-
plied Maley’s method to calculatgx(J) from the relaxation ray is associated with the presence of superconducting cells,
data taken at magnetic fields up to 12 T and over a temper&ach of the size of the order of the coherence length, in the
ture range of 4-77 K. The analysis of the data was, howevea-b planes of YBCG"® These cells are coupled by Joseph-
based on the collective flux-creep model of Feigelratal!  son tunnel junctions in tha-b planes and between the ad-
with the power-law dependence of the energy barriedon jacent planes in the direction. The pinning of vortices

arises from the modulation of the Josephson coupling energy
V. SUMMARY AND CONCLUSIONS in the_se junctions._The motion of Josephson_ vo.rtices. is re-
sponsible for spatially coherent voltage oscillations in the

We have measured the relaxation of the persistent currerirray, with phases of /2 and 9r/2 which could represent
from the critical level in thea-b planes of ring-shaped the first and the third harmonics.

YBCO thin films over a temperature range 10—90 K. We The coherent oscillations of the Josephson-junction array
applied Maley’s methdd to calculate the dependence of the suggest an intrinsic mechanism of dissipation. The experi-
energy barrier for vortex motion on the current densitymental results imply that the dissipation of the persistent
U#(J). We found the correlation between the temperaturecurrent due to the motion of vortices through Josephson
dependence of the critical currehf(T) and the empirical nanostructures, is a universal phenomenon, which describes
form of Ux(J). The empirical formulas fotl .+(J) are expo- behavior of the relaxation of magnetization in YBCO thin
nential. The exponential factors represent the tilted washfilms.

board potentials for an overdamped Josephson junction, Our investigations have generated the following open
locked at phases of &2 and 97/2. For a GL-like (T,  questions about the origin of both the exponential form of
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the energy barriefEgs. (11) and (12)] and the Josephson Regarding the origin of the nanoscale cell structure in the
nanostructures in tha-b planes of YBCO: a-b planes of YBCO, Etherid§ehas suggested that the cells

(1) Does the exponential form of the energy barrier, with thedr® formeq in strugglg o relieve ir_1tralayer internal s_tressgs.
phase locking and the missing factorIdF in the expo- However, it may be important to' investigate a relat!onshlp
nents, imply quantum resonant tunneling of Vor,[ic(_:.sbetw_een these cells and_the_ stripe phases which mt_ersect,
through a coherent array of Josephson junctions? formlng_the s_uperconductlng islands separatgd by qntlferro-

(2) Is the phase separatig¢stripe phasegesponsible for the magnetic reglo_nisee Ref. 43 for the_extenswe review of
formation of the nanoscale cell structure in theb stripe phases in cuprajessuch a relationship would mean
planes of YBCO and consequently for the Josephsort\hat thg Jqsephs_on nanostructgres are formed by anufgrro-
nanostructures? magnetic insulating layers which couple superconducting

cells.
Regarding the exponential energy barrier, it is similar in

form to the effective Euclidean actio&®™, which deter-
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