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Fast vortex motion and filamentary phase separation in high-Tc thin films
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We investigated the temperature dependence of the normalized logarithmic relaxation rateS(T) and the
corresponding temperature dependence of the critical currentI c(T) in high-Tc thin films ~YBCO-123,
TlBCCO-2212, -2223, and -2201, and Bi-2212!. Experiments have been performed using persistent critical
currents flowing in thea-b planes of ring-shaped samples. The magnitude ofI c and the relaxation rate have
been extracted from the measurement of the self-field of the current. The results revealed a relationship
betweenI c(T) andS(T). I c(T) in YBCO is a superposition of two universal components: an underdoped
Ginzburg-Landau-~GL-! like one with I c(T)}(Tc2T)3/2 andTc between 40 and 60 K, and an Ambegaokar-
Baratoff-like one close to an optimum doping. The results revealed that when the amount of the GL-like phase
increases above a certain threshold value, a peak appears inS(T) at temperatures of 20–30 K, and its height
gradually increases with the magnitude ofI c at 10 K for this phase. We discuss similarities between these
results and those reported for YBCO crystals with columnar defects. The presence of two maxima inS(T)
have been observed for TlBCCO films that are composed of three different phases, at temperatures close toTc

of two underdoped components. The studies imply that the filamentary phase separation on a nanometer scale
level in thea-b planes is responsible for the changes in vortex dynamics.
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I. INTRODUCTION

An unusual temperature dependence of the normal
logarithmic relaxation rateS(T)5d ln J/d ln t for the motion
of magnetic flux in high-temperature superconductors w
reported very early by a few research groups during rou
measurements of magnetization. These studies reveal
single- or a double-peak structure inS(T) for many samples.
A low-temperature peak at a temperature range of ab
20–40 K has been observed more frequently than a dou
peak feature with peaks at temperatures of about 20 an
K. Some samples did not exhibit any peaks except a pla
at low temperature and an upturn ofS with an increasing
temperature close toTc . The presence of peaks inS(T) has
been reported for YBa2Cu3O72d ~YBCO! and
Bi2Sr2CaCu2O8 ~BSCCO! single crystals, YBCO thin films
and YBCO grain-oriented and polycrystalline samples.

Very early studies ofS(T), performed by Tuominen
et al.,1,2 revealed two peaks inS(T) for unirradiated BSCCO
crystals, during the measurement of longitudinal and tra
verse components of remnant magnetization.1 For a magnetic
field B ~500 G! applied parallel to thec axis, S(T) of a
longitudinal component displayed two peaks, a lo
temperature peak at 23 K, of magnitude of about 0.14, an
high-temperature peak at 60 K, of magnitude of about 0.
It has been found that a low-temperature peak has b
shifted to low temperature and its magnitude has been
duced with an increasing orientation angleu betweenB and
the c axis. A high-temperature peak, on the other hand,
hibited an increase in the magnitude with an increasingu,
PRB 610163-1829/2000/61~17!/11711~11!/$15.00
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without any change in the peak’s temperature. Related m
surements ofS(T) in unirradiated YBCO single crystals b
the same group3 displayed a single peak at 40 K of magn
tude of 0.12.S(T) of grain-oriented~unirradiated! YBCCO
has been observed to include a peak at a temperatur
about 30 K.4 It has been detected5 that an increasing applied
magnetic field has been responsible for a shift of the pea
lower temperatures and a reduction of the peak’s magnitu
Magnetic relaxation studies on YBCO thin films6,7 revealed a
peak ofS(T) at about 50–60 K; however, Goodyearet al.7

pointed out that the temperature dependence ofS is affected
by the temperature of thin film growth as well as that of th
film annealing at a constant pressure of oxygen. A maxim
of S(T) as high as 0.1 has been also seen in ceramic gran
samples of YBCO at temperatures between 20 and 40 K8,9

Replacement of yttrium with praseodymium in ceram
Y12xPrxBa2Cu3O72d has been shown to generate two pea
in S(T), which have been observed to shift to low tempe
ture with an increasingx ~Ref. 10!. However, the measure
ments of S(T) in a number of unirradiated and proton
irradiated YBCO crystals11–13 revealed no peaks, but a
increase ofS(T) with temperature or a plateau ofS(T) over
a temperature range about 20–50 K, followed by a grad
increase ofSat higher temperatures. An irradiation of YBC
crystals with gold or tin ions, in order to produce column
defects, led to a dramatic modification of the temperat
dependence of the magnetic relaxation rates.14–17 The data
have been recorded for magnetic fields parallel to defe
over a range of 0.5–4.0 T and displayed a peak inS(T). The
maximum has been observed to shift from about 36 K at
11 711 ©2000 The American Physical Society
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T to low temperatures and its magnitude to decrease fro
value of 0.1 at 0.5 T with an increasing magnetic field. T
behavior is strikingly similar to that of unirradiated sampl
of grain-oriented YBCO~Ref. 5!. A recent report onS(T) in
a field of 0.5 T in a proton-irradiated polycrystallin
HgBa2Ca2Cu3O61d compound18 demonstrated the presenc
of a peak at 60 K. Studies ofS(T) in irradiated samples hav
generated a lot of interest in an attempt to provide effici
pinning sites for magnetic flux lines in high-temperature
perconductors.

One of the first theoretical explanations of the peaks
S(T) has been provided by Hagen and Griessen19 who inter-
preted the experimental data in terms of the distribution
activation energies in a sample, using an inversion pro
dure. Recently, a low-temperature maximumS(T) in irradi-
ated crystals of YBCO has been interpreted by Thomp
et al.14 on the basis of collective pinning theory as due to
change in the form of the vortex dynamics, i.e., from
variable-range vortex hopping at low temperature to a c
lective pinning by columnar defects at higher temperatur

Our interest in the behavior ofS(T) has been stimulated
by the striking similarity of the peaks inS(T) and its mag-
netic field dependence observed in irradiated samples to
seen in unirradiated ones.5,14 Although it appears that the
dominant vortex pins are columnar defects in samples i
diated with heavy ions, little is known about the nature of t
pinning sites that are responsible for the maxima ofS(T) in
unirradiated samples.

We present experimental results of the measurement
the normalized logarithmic relaxation rateS as a function of
temperature in unirradiated YBCO and Tl-Ba-Ca-Cu
~TBCCO! thin films. These data have been compared wit
temperature dependence of the critical current densityJc(T).
High-resolution transmission electron microscopy~HRTEM!
studies by Etheridge at Cambridge University20 revealed the
presence of nanodomains~approximately 2 nm in size! in the
copper-oxygen planes of an optimally doped YBCO sam
with the domain walls oriented at an angle approximat
45° to thea-b axes. The nanodomains are correlated alo
the c axis. According to Etheridge, the nanodomains are
structural origin and formed in a struggle to relieve intern
stresses in thea-b planes. The spacing between conventio
twin boundaries in the same material was found to be
proximately 50–100 nm.

Since the nanodomain sizea0 is of the order of the
Ginzburg-Landau coherence lengthjGL , one would expect
the properties of a superconductor to be governed by
nanodomain structure~nanodomain walls! at low tempera-
tures wherejGL(T),a0 @see Fig. 1~a!#. At higher tempera-
tures wherejGL(T).a0 , the superconducting propertie
could be treated as those of a continuous medium. A t
peratureT* at which jGL(T* )5a0 separates these two re
gimes. Clemet al.21 used this approach in order to expla
the temperature dependence of the critical current densit
a nonogranular NbN thin film. At low temperatures whe
jGL(T),a0 , the critical currentI c is governed by the inter
grain Josephson junctions and its temperature depend
has the Ambegaokar-Baratoff~AB! character. Close toTc
wherejGL(T).a0 , the current does not ‘‘see’’ the junction
and the temperature dependence ofI c is governed by the
suppression of the order parameter. At these temperat
a
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~i.e., atT.T* >0.85Tc), the superconductor behaves like
continuous medium andI c(T) is described by Ginzburg
Landau~GL! theory @ I c(T)}(Tc2T)3/2#. An Ambegaokar-
Baratoff I c(T), with a crossover to a Ginzburg-Landau b
havior at temperatures aboveT* >0.85Tc , has been also
observed in optimally doped YBCO thin films.22,23 Figure
1~d! shows an example of this behavior; the data~solid tri-
angles! together with a theoretical fit based on Clem’s mod
of I c(T) in a nanogranular superconductor. Fitting to the d
has been achieved by varying the parameter«0 , which is a
coupling constant proportional to the ratio of the avera
Josephson coupling energy of the intergrain junctions to
superconducting condensation energy of a grain. The cu
markedA-B represents@ I c(T)#2/3 of a superconductor with a
single Josephson junction. Oxygen depletion leads to a
duction inTc and a dramatic change in the temperature
pendence ofI c , which becomes that of a Ginzburg-Landau22

with I c(T)}(Tc2T)3/2 @see Fig. 1~d!, solid squares#. A GL
dependence ofI c(T) has been also observed by Joneset al.24

who measuredI c(T) in situ in oxygen-depleted YBCO thin
films. Figure 1~b! shows a schematic picture of a na
odomain structure where most of the cells have been oxy
depleted. In this case the critical current is no longer de
mined by the Josephson junctions, but by the suppressio
the order parameter inside the cells. This could mean
one is allowed to extend the Ginzburg-Landau solutions
I c(T) ~which are valid close toTc in an optimally doped
superconductor! down to low temperatures.25

If the superconductor is a mixture of optimally doped a
underdoped phases, the nanodomain structure could look
a ‘‘disordered chessboard’’@see Fig. 1~c!#. In this case the
flow of the current is a percolative process. The critical c
rent that flows entirely through optimally doped cells@white
squares in Fig. 1~c!# is determined by the Josephson jun
tions in the nanoarray and its temperature dependence is
one that has been described by the Clem’s model@solid tri-
angles in Fig. 1~d!#. On the other hand, the critical curren
that crosses underdoped regions@shaded dark squares in Fig
1~c!# is determined by the suppression of the order param
andTc in underdoped cells, and its temperature depende
is given by GL theory@solid squares in Fig. 1~d!#. The total
critical current that flows through disordered nanostructu
~and its self-magnetic field! is a superposition of these tw
critical currents. The temperature dependence of the crit
current in this case is like that shown in Fig. 1~e!, which is
typical of most YBCO films studied. The ratio ofI c(T) that
is governed by an underdoped component@GL dependence,
dashed straight line on (I c)

2/3 versus temperature graph i
Fig. 1~e!# to I c(T) which is determined by an optimally
doped component@AB dependence~Clem’s model!, solid tri-
angles on (I c)

2/3 versus temperature graph in Fig. 1~e!# is
sample dependent and could vary from zero to infinity. T
is due to the fact that there is an infinite number of possib
ties to arrange disorder in a ‘‘disordered chessboard’’
shown in Fig. 1~c!.

We found the correlation between this ratio and the hei
of the low-temperature peak in the temperature depende
of the magnetic relaxation rateS(T). These findings imply
that the electrical transport and magnetic properties of hi
Tc thin films are governed by the filamentary phase sepa
tion ~at the nanoscopic level! in the copper-oxygen planes.
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FIG. 1. ~a!, ~b!, ~c! Schematic representation of nanostructures in the copper-oxygen planes. Thea andb axes are approximately 45
relative to the domain walls~see Ref. 20!. The nanodomain sizea0 is approximately a few nanometers. An optimally doped supercondu
has nanostructures as in~a!, where the critical currentI c is governed by the Josephson nanoarray. The temperature dependence ofI c is that
of an Ambegaokar-Baratoff one at low temperatures and that of a Ginzburg-Landau one above approximately 0.85Tc as described by the
Clem’s model~Ref. 21! @see solid triangles in~d!#. The dotted line showsI c(T) of a single Josephson junction~pure Ambegaokar-Baratof
dependence!. An underdoped superconductor is shown in~b!, where I c is governed by the suppression of the order parameter in
nanodomain.I c(T) is that of Ginzburg-Landau dependence@see the solid squares in~d!#. When a superconductor is a mixture of optimal
doped and underdoped phases, its nanostructure is described schematically by a ‘‘disordered chessboard’’ shown in~c!. In this caseI c(T) is
a superposition of two components shown in~d!, i.e., an optimally doped one with an AB-likeI c(T) ~solid triangles! and an underdoped on
with a GL-like I c(T) ~solid squares and dashed line!. A typical I c(T) of this type of a superconductor is presented in~e!. The solid line is
a fit to the experimental data~open circles!, which is a superposition of the two components as mentioned above.
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II. EXPERIMENTAL PROCEDURES

Investigations ofS(T) and its relationship toJc(T) have
been performed for nine YBCO thin films, six TlBCCO film
~of 2212 and 2223 composition!, and underdoped TlBCO
2201 and BiSCCO-2212 films. Information on these films
listed in Table I, which includesTc , film thickness,Jc at 10
and 77 K, deposition method, and a substrate. About a
of YBCO films have been manufactured using a pulsed la
deposition method at McMaster University, National R
search Council in Ottawa, and IBM TJ Watson Resea
Center. The rest of the YBCO films have been produced w
a rf and dc magnetron sputter-deposition method at the U
versity of Alberta and Westinghouse STC. Tl- and Bi-bas
thin films have been deposited with a pulsed laser abla
method, followed by post-annealing, except magnetr
sputtered underdoped TlBCO~2201! film. These films came
from CTF Systems, STI at Santa Barbara, and SUNY
Buffalo.

The measurements have been performed mostly on r
shaped samples~of inner and outer diameters of 5.0 and 8
mm, respectively! with the c axis of the film directed along
the ring’s axis. The magnetic flux was introduced into t
hole of the ring~which has been cooled belowTc in a zero
field! by applying an external magnetic field, using a copp
s
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wound solenoid, in thec-axis direction. A circulating persis
tent current was established in the ring after the external fi
was removed. The magnitude of the persistent current
determined from the axial component of the current’s se
field using the Biot-Savart law. The measurement of
component of the self-field, perpendicular to the ring’s pla
was done with a scanning axial Hall probe. Persistent cur
of the critical magnitude has been obtained when an incre
ing applied magnetic field produced a saturation of the c
rent’s self-field. This procedure allowed us to measure
dependence of the critical current on temperature and
time decay of the current from its critical value. Details
this technique have been reported in Refs. 22 and 23.
measurements have been performed over a tempera
range between 10 K andTc . An external magnetic field up
to 1 kG was sufficient to generate critical currents over t
temperature range in all samples. Two samples~see Table I!
have been studied as a disk-shaped ones of 8.5 mm in d
eter. In this case the critical current has been determi
from the computer simulation of the axial profile~in the
direction perpendicular to the disk plane! of the remnant
magnetization at the saturation level. The profile and
critical current were calculated from the Biot-Savart equ
tions by filling the disk with a large number of concentr
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TABLE I. Composition, superconductiong transition temperatureTc , thickness, critical current densit
Jc , deposition method, and substrate used@~100! orientation# of high-Tc thin films that have been investi
gated during the course of these studies. PA denotes post-annealing. Sample YBCO No. 1A is YBCO
after irradiation with high-energy~1.4 GeV! uranium ions to obtain a matching fieldBf of 0.5 T.

Thickness Jc ~A/cm2! Deposition
Sample CompositionTc ~K! ~nm! ~10 K! ~77 K! method Substrate

YBCO No. 1A ~123! 87 200 1.23107 1.53106 rf magnetron SrTiO3
YBCO No. 1B ~123! 89 200 1.03107 1.13106 rf magnetron SrTiO3
YBCO No. 2 ~123! 87 280 6.53106 2.43105 rf magnetron SrTiO3
YBCO No. 3 ~123! 90 500 1.13107 1.53106 dc magnetron LaAlO3
YBCO No. 4 ~123! 91 200 1.83107 1.73106 Laser ablation LaAlO3
YBCO No. 5 ~123! 87 250 4.03106 2.03105 Laser ablation Sapphire
YBCO No. 6 ~123! 87 120 2.33107 7.13105 rf magnetron LaAlO3

YBCO No. 7 ~123! 90 300 1.53107 1.73106 Laser ablation LaAlO3
YBCO No. 8 ~123! 90 100 3.33107 2.83106 Laser ablation SrTiO3
YBCO No. 9 ~123! 89 250 2.83107 2.63106 Laser ablation LaAlO3
TBCCO No. 1 ~2212! 99 500 8.83105 4.03104 Laser ablation1PA LaAlO3

TBCCO No. 2 ~2212! 89 480 1.23106 4.03105 Laser ablation1PA LaAlO3

TBCCO No. 3 ~2223! 101 500 2.43106 2.43105 Laser ablation1PA LaAlO3

TBCCO No. 4 ~2212! 104 650 8.43106 1.13106 Laser ablation1PA MgO
TBCCO No. 5 ~2212! 103 650 8.43106 9.53105 Laser ablation1PA MgO
TBCO No. 1~disk! ~2201! 48 200 1.93106 NA Magnetron SrTiO3

BSCCO No. 1~disk! ~2212! 60 500 1.63106 NA Laser ablation1PA LaAlO3
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current loops. The time decay of a persistent current from
critical value has been measured over a time interval of 1
30 000 s~see Fig. 2!. S has been determined using the da
for times between 100 and 10 000 s, which is similar to
time window applied in Refs. 12, 15, and 18. In this tim
range, a magnetic relaxation is close to logarithmic as a fu
tion of time for all temperatures of the measurement. YBC
film Nos. 1 and 7 have been irradiated at ATLAS with a hi
dose of uranium and lead ions of energy 1.4 GeV, resp
tively. The ions produced columnar tracks along thec axis
that were able to trap a magnetic field of 0.5 T.

III. EXPERIMENTAL RESULTS

Figures 3, 4, and 5 present experimental data for the t
perature dependence of the critical currentI c(T) and that of
the normalized logarithmic relaxation rateS(T), measured in
YBCO thin films. I c(T) has been plotted as (I c)

2/3 versus
temperature in order to identify components inI c(T) that
have a GL-like temperature dependence, i.e.,I c(T)}(Tc
2T)3/2. These components are represented by stra
dashed lines in the (I c)

2/3 vs temperature graphs. In fac
@ I c(T)#2/3 is a superposition of two components: an und
doped GL-like component ofTc between 40 and 60 K and a
AB-like one that is close to an optimum doping.

Solid lines in Figs. 3~a!, 3~c!, 3~e!, 4~a!, 4~c!, 4~e!, 5~a!,
5~c!, and 5~e! present a theoretical fit to the experimen
data for I c(T). The fit represents a superposition of a G
like I c(T)}(Tc2T)3/2 and an AB-like one obtained from
Clem’s model with a coupling constant«0 as the only fitting
parameter. At a temperature of 10 K, the ratio of the curr
flowing through GL-like phaseI GL to that passing through a
AB-like one I AB is sample dependent. Therefore, Figs. 3~a!,
3~c!, 3~e!, 4~a!, 4~c!, 4~e!, 5~a!, 5~c!, and 5~e! are aligned in
e
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-
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order to reflect an increasing contribution ofI GL ~at 10 K! to
the total current flowing in the sample. Figures 3~b!, 3~d!,
3~f!, 4~b!, 4~d!, 4~f!, 5~b!, 5~d!, and 5~f! show the corre-
sponding temperature dependence of the normalized lo
rithmic relaxation rateS(T). A low-temperature maximum
in S(T) develops at temperatures of about 25–30 K, wh
the ratioI GL (10 K)/I AB ~10 K! exceeds 0.5. The height o
the peak increases with an increasing ratioI GL /I AB . Figure 6
presents the dependence of the heightDS of the maximum in
S(T) @i.e.,DS>S(peak)2S ~10 K!# on I GL /I AB at 10 K. The

FIG. 2. Time decay of the persistent current~flowing in a ring of
YBCO 7! from the critical value for temperatures between 10 a
85 K. The normalized logarithmic relaxation rateShas been calcu-
lated for a time range between 100 and 10 000 s.
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rate of an increase ofDS with I GL /I AB depends on the mag
nitude ofTc of an underdoped GL-like component@see Figs.
3~a!, 3~c!, 3~e!, 4~a!, 4~c!, 4~e!, 5~a!, 5~c!, and 5~e!#. In fact,
DS appears to be higher for samples whose GL-like com
nents have the highestTc of about 50–60 K. Figures 7~a!,
7~c!, 7~e! and 7~b!, 7~d!, 7~f! show (I c)

2/3 versusT/Tc andS
versusT/Tc , respectively, for underdoped Tl-Ba-Ca-Cu-
thin films of 2212 and 2223 compositions. The temperat
dependence of the critical current in these films is domina
by a Ginzburg-Landau-like behavior. The underdoped
components have superconducting transition temperat
close toTc of the films, i.e., of the order of (0.75– 0.90)Tc .
The temperature dependence of the relaxation rateS in Fig.
7~b!, 7~d!, and 7~f! reveals thatS increases gradually with
temperature, reaching a maximum close toTc . For Tl-2212
close to an optimum doping,S(T) exhibits two maxima, one
at low temperatures about 0.2Tc and the other of much
higher magnitude close toTc at (0.75– 0.80)Tc @see Figs.
8~b! and 9~b!#. The corresponding temperature depende
of I c

2/3 shows the presence of three components: an un
doped GL-like one ofTc540– 45 K and two AB-like com-

FIG. 3. The dependence of the critical current on the normali
temperature@plotted as@ I c(T)/I c(10 K)#2/3 vs T/Tc in the figures
on the left,~a!, ~c!, and~e!# compared with the dependence of th
relaxation rateSon temperature in the figures on the right,~b!, ~d!,
and~f!, for YBCO ring-shaped films 1A, 1B, and 2. In~a!, ~c!, and
~e! the open circles mark the experimental data forI c(T). The solid
line represents theoretical fit to the experimental data: they are
superposition of the GL-like dependence~dashed line! at low tem-
perature and the AB-like dependence@Clem’s model ~solid tri-
angles! with the coupling constant«05100 for ~a!, ~c!, and~e!#. In
~b!, ~d!, and~f! the open circles mark the experimental data with
solid line as the guide for the eye.~a!, ~c!, and ~e! are aligned in
order to reflect an increasing contribution of the GL-like compon
to the total critical current.
-

e
d

L
es

e
r-

ponents of differentTc @see Figs. 8~a!, 8~c!, 8~d! and 9~a!,
9~c!, 9~d!#. Two AB-like contributions toI c(T) suggest the
presence of two different phases of Tl-Ba-Ca-Cu-O in
samples with the superconducting transition temperature
92.5 and 102 K for TBCCO No.4 and 87.5 and 102 K f
TBCCO No. 5. Phases of lowerTc of 92.5 and 87.5 K have
been identified as those of a different composition, nam
Tl-1212. Figure 10 presents the data for underdoped Tl-2
and Bi-2212 thin films.I c(T) of these samples is characte
ized by a GL-like temperature dependence at low tempe
tures andS(T) exhibits peaks at 0.4Tc and 0.65Tc for Tl-
and Bi-based films, respectively.

IV. DISCUSSION

The experimental results, presented above, imply that
temperature dependence of the normalized logarithmic re
ation rateS is governed by the phase separation in thea-b
planes of high-Tc thin films. For YBCO films we discovered
a correlation between a low-temperature maximum inS(T)

d

he

t

FIG. 4. The dependence of the critical current on the normali
temperature@plotted as@ I c(T)/I c(10 K)#2/3 vs T/Tc in the figures
on the left ~a!, ~c! and ~e!# compared with the dependence of th
relaxation rateS on temperature in the figures on the right~b!, ~d!,
and~f!, for YBCO ring-shaped films 3, 4, and 5. In~a!, ~c!, and~e!
the open circles mark the experimental data forI c(T). The solid
line represents theoretical fit to the experimental data: they are
superposition of the GL-like dependence~dashed line! at low tem-
perature and the AB-like dependence@Clem’s model ~solid tri-
angles!# with the coupling constant«050.1 for ~a! and«05100 for
~c! and ~e!.# ~a!, ~c!, and ~e! are aligned in order to reflect an in
creasing contribution~higher than that for samples 1A, 1B, and!
of the GL-like component to the total critical current. In~b!, ~d!,
and ~f! the open circles mark the experimental data with the so
line as the guide for the eye.
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11 716 PRB 61YAN, JUNG, DARHMAOUI, REN, WANG, AND KWOK
and the amount of the critical current flowing at low tem
peratures through an underdoped YBCO phase. The t
perature dependence of this critical current is a GL-like o
The maximum ofS(T) is located at temperatures corr
sponding to a temperature range at which the underdo
YBCO phase exists~Figs. 3–5!. A maximum in S(T) at
similar temperatures has also been observed in high-Jc Tl-
2212 thin films that contain a underdoped phase of a GL-
I c(T) with Tc of about 20 K seen in Figs. 8 and 9. In fact, th
same films exhibit a second maximum inS(T) at higher
temperatures. The critical current in these films is carried
three phases: therefore, this suggests that the second m
mum is associated with a phase of higherTc , namely, Tl-
1212. TheI c(T) of underdoped Tl-2212, Tl-2223, Tl-2201
and Bi-2212 films~Figs. 7 and 10! is dominated at low tem-
peratures by a GL-like temperature dependence andS(T)
reveals a broad maximum. Close toTc , I c(T) deviates from
a GL-like temperature dependence. This implies the prese
of a second phase which contributes to the critical curr
flowing in the sample. Using the same arguments that h
been applied to YBCO thin films, a two-phase superc
ductor should exhibit a single maximum inS(T), if the ratio
of the critical current flowing through an underdoped G

FIG. 5. The dependence of the critical current on the normali
temperature@plotted as@ I c(T)/I c(10 K)#2/3 vs T/Tc in the figures
on the left,~a!, ~c!, and~e!# compared with the dependence of th
relaxation rateSon temperature in the figures on the right,~b!, ~d!,
and~f!, for YBCO ring-shaped films 6, 7, and 8. In~a!, ~c!, and~e!
the open circles mark the experimental data forI c(T): they are
the superposition of the GL-like dependence~dashed line! at low
temperature and the AB-like dependence@Clem’s model~solid tri-
angles! with the coupling constant«05100 for~a!, ~c!, and~e!#. ~a!,
~c!, and~e! are aligned in order to reflect an increasing contribut
of the GL-like component~higher than that for samples 3, 4, and!
to the total critical current. In~b!, ~d!, and~f! the open circles mark
the experimental data with the solid line as the guide for the ey
m-
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like phase at 10 K to that flowing through a second phase
higherTc exceeds a certain value.

The experimental results suggest that the phase separ
is responsible for the observed maxima inS(T). I c(T) re-
vealed that the current flows through two or three para
‘‘channels’’ ~‘‘filaments’’ ! associated with the presence
two or three different superconducting phases. In YBC
films, there are two channels of the current flow@see the
discussion ofI c(T) in the Introduction#. The first one could
be associated with an optimally doped AB-like phase, wh
forms continuous paths in thea-b plane. The other channel i
dominated by an underdoped GL-like phase, which for
discontinuous paths or islands in thea-b planes of the films
@see Fig. 1~c!#. It is important to realize that the ratio of th
magnitudes of the critical current at 10 K, which flow
through a low-Tc GL-like phase to that through a high-Tc
AB-like one, is sample dependent. This ratio can be z
@pure AB-like case, solid triangles in Fig. 1~d!# or infinity
@pure GL-like case, dashed line in Fig. 1~d!#. However, this
is a mixture of both phases, which is responsible for
changes in vortex dynamics@see Figs. 1~c! and 1~e!#. In fact,
there is an infinite number of possibilities for the ratio
I c

GL/I c
AB at 10 K. This agrees with the filamentary picture

high-Tc superconductors on a nanoscopic level, in which
amount of an underdoped phase and itsTc affect the relax-
ation of the persistent current.

The presence of a low-temperature maximum inS(T) of

d

.

FIG. 6. The dependence of the height of the low-temperat
peak inS(T) which has been measured in YBCO thin films, a
proximately with respect toS at 10 K, on the ratio of the critical
current flowing through a GL-like underdoped phase at 10 K to
corresponding one flowing through an AB-like phase. The rate
the increase in the peak’s height withI GL(10 K)/I AB(10 K) depends
on Tc of the GL-like phase. Higher rates are observed forTc over a
range between 55 and 60 K~solid triangles! and the lower ones for
Tc between 40 and 45 K~circles!.
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irradiated samples with columnar defects14 has been inter-
preted as a competition between two types of vortex dyn
ics. In the collective pinning theory26 the relaxation rateS is
given by

S5
kT

U0~T!1mkT ln~ t/t0!
,

where t0 is the logarithmic time scale that depends on
sample size,U0 is the unperturbed pinning potential, andm
is the exponent in the power law dependence of the ene
barrier on the current density. Starting from low tempe
turesU0 is large, but decreases with an increasing tempe
ture, leading to an increase ofSwith temperature.14,27A peak
in S(T) forms as a result of a crossover to a different vor
pinning regime. The exponentm depends on the vortex dy
namics at a certain temperature, magnetic field, and crit
current density. Ifm changes from a small value~e.g., m
51/3 for a variable-range vortex hopping! at low tempera-
ture to a larger one~e.g., m53/2 for a collective creep o
small flux bundles! at higher temperature,S will decrease
with an increasing temperature and a maximum appear
S(T).

We applied an idea of a crossover between two differ
regimes of vortex dynamics in order to interpret the data
unirradiated YBCO thin films that contain an underdop
phase ofTc between 40 and 60 K. We assume~in the same

FIG. 7. The dependence of the critical current on the normali
temperature@plotted as@ I c(T)/I c(10 K)#2/3 vs T/Tc in the figures
on the left# compared with the dependence of the relaxation ratS
on temperature in the figures on the right for underdoped TIBC
films 1, 2 ~2212 phase!, and 3 ~2223 phase!. Note that I c(T) is
dominated by an underdoped GL-like component at low temp
ture. A tail close toTc implies the presence of an unidentifie
second component~phase!.
-

gy
-
a-

x

al

in

t
r

way as for irradiated samples! thatS increases with tempera
ture gradually, starting from low temperature~due to a
gradual reduction ofU0 with an increasing temperature!, and
reaches a high value close toTc . We expect similar behavio
of S(T) for both phases: an underdoped GL-like one a
an AB-like one close to optimum doping. Therefore,
YBCO films an increase ofS with temperature at low tem
peratures is dominated by an underdoped phase. The ris
S(T) continues until the temperature is close toTc of this
phase.S(T) reaches a maximum and then descends due
reduction in the order parameter of the underdoped GL-
phase. According to Clemet al.21 in the Ginzburg-Landau
regime of the critical current close toTc , one should expec
current-induced gap suppression. Therefore, in the GL-
underdoped phase close to itsTc , the order parameter is
reduced in the presence of the supercurrent, and su
quently it disappears aboveTc . At temperatures aboveTc of
the underdoped phase, the superconductor is a mixture
normal phase and a superconducting one whoseI c(T) is
characterized by an AB-like behavior. The experimental
sults show that the mechanism of vortex-dynamics-indu
dissipation of the current depends on the amount of the G
like underdoped phase and itsTc , which is sample depen
dent. Preliminary measurements of the magnetic penetra
depth in thea-b planes YBCO thin films28 revealed that the
low-temperature part of the temperature dependence of
superfluid densityns(T) is affected by the ratio of the
amount of an underdoped phase in a superconductor@with a
GL-like I c(T)] to that of an optimally doped one@with an

d

O

a-

FIG. 8. The dependence of the critical current on the normali
temperature@plotted as@ I c(T)/I c(10 K)#2/3 vs T/Tc in ~a! on the
left# compared with the dependence of the relaxation rateS on
temperature in~b! on the right for TIBCCO~2212! ring-shaped film
4. In ~a! the open circles mark the experimental data forI c(T). The
solid line represents theoretical fit to the experimental data: t
are the superposition of three different contributions toI c(T). Two
of these contributions, which are associated with the presence o
1212 phase, are shown in~c!. They are an underdoped GL-lik
component~dashed line! and an AB-like component@Clem’s model
~solid triangles! with a coupling constant«05100]. Note that two
peaks inS(T) are related to these two components. The third c
tribution is due to the 2212 phase ofTc5102 K, which exhibits an
AB-like behavior @Clem’s model~solid triangles! with a coupling
constant«05100] in ~d!.
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AB-like I c(T)]. Since the penetration depthl(T) andns(T)
do not depend on the energy barrier against motion of
magnetic flux, this experiment is an important confirmati
that the temperature dependence of the critical curren

FIG. 9. The dependence of the critical current on the normali
temperature@plotted as@ I c(T)/I c(10 K)#2/3 vs T/Tc in ~a! on the
left# compared with the dependence of the relaxation rateS on
temperature in~b! on the right for TIBCCO~2212! ring-shaped film
5. In ~a! the open circles mark the experimental data forI c(T). The
solid line represents theoretical fit to the experimental data: t
are the superposition of three different contributions toI c(T). Two
of these contributions, which are associated with the presence o
1212 phase, are shown in~c!. They are an underdoped GL-lik
component~dashed line! and an AB-like component@Clem’s model
~solid triangles! with a coupling constant«05100]. Note that two
peaks inS(T) are related to these two components. The third c
tribution is due to the 2212 phase ofTc5102 K, which exhibits an
AB-like behavior @Clem’s model~solid triangles! with a coupling
constant«05100] in ~d!.

FIG. 10. The dependence of the critical current on the norm
ized temperature@plotted as@ I c(T)/I c(10 K)#2/3 vs T/Tc in the fig-
ures on the left# compared to the temperature dependence of
relaxation rateS in the figures on the right for underdoped TIBCC
~2201! and BiSCCO~2212! disk-shaped films. Note thatI c(T) is
dominated by an underdoped GL-like component at low temp
tures. A tail close toTc implies the presence of an unidentifie
second component~phase!.
e

is

governed by the nanoscopic phase separation and not b
pinning potential. In fact, this is the nanoscopic phase se
ration, which is responsible for the spatial variation of t
order parameter in a superconductor@see Fig. 1~c!# and,
therefore, for the spatial changes in the pinning potential

There are intriguing similarities between the relaxati
effects observed in unirradiated samples and those see
irradiated YBCO crystals.14 S(T) at 36 K and 0.5 T for
YBCO crystals ~irradiated to a dose corresponding to
matching field of 2.4 T! approaches a value of about 0.11
one would expect for variable-range vortex hopping. Ho
ever, similar rates of 0.12 at 40 K and 0.14 at 23 K were a
found in unirradiated YBCO and BSCCO crystal
respectively.3,1 This was done during the measurements
remnant magnetization after a field cooling in 500 G, whi
was applied in a direction parallel to thec axis. In unirradi-
ated YBCO thin films~Figs. 3–5!, Tc of an underdoped GL-
like phase is correlated with a reduction ofS on the high-
temperature part of the peak as the temperature is increa
On the other hand, the data for irradiated YBCO in Fig. 1
Ref. 14, which are plotted as logJ versus temperature, sug
gest that the crossover inJ(T) is associated with the peak i
S(T). In order to compare these results with ours shown
Fig. 3–5, we replotted the data of Ref. 14 using aJ2/3 versus
temperature scale@see Fig. 11~a!#. This diagram reveals tha
the crossover inJ(T) occurs on the high-temperature side
the peak inS(T) @see Fig. 11~b!# as found in unirradiated
YBCO films. The lowTc543 K and highTc590 K compo-
nents inJ(T) at 0.5 T are similar to those observed in un
radiated YBCO thin films~Figs. 3–5!. They are shown in
Fig. 11 ~c! as a dashed line for an underdoped GL-like co
ponent and as solid triangles for an optimally doped AB-li
component. The superposition of these two gives a s
line: a theoretical fit to the experimental data~open
circles!. The ratio of a GL-like current to an AB-like one a
10 K is about 7. The highest ratio at 10 K observed in YBC
thin films in the present experiments is about 1.5, a facto
4–5 less than in an irradiated YBCO crystal at 0.5 T.

Figure 12 showsJc(T) and S(T) for irradiated YBCO
film Nos. 1 and 7 in comparison with those for unirradiat
films. An irradiation of YBCO No. 1 with 1.4 GeV uranium
ions ~to a dose corresponding to a matching field of 0.5!
increases the amount of an optimally doped AB-like pha
by about 5%@Fig. 12~b!#. On the other hand, an irradiatio
of YBCO No. 7 with 1.4 GeV lead ions to the same do
increases the amount of an AB-like phase by about 1
@Fig. 12~c!#. An increase of the amount of the AB-like phas
is the only systematic effect of the heavy-ion irradiation. A
increase of the amount of the Josephson-like phase has
also observed by Mezzettiet al.29 in YBCO thin films irra-
diated with 0.25 GeV gold ions. They observed an extens
of a plateau seen on theJ versus logB graph to higher fields
in irradiated samples. The plateau in the high-current reg
has been attributed to the presence of an array of Josep
junctions. Both results imply that irradiation with high
energy heavy ions changes the separation of phases in
perconductor, i.e., decreases the ratio of the critical curre
I c

GL (underdoped)/I c
AB ~optimally doped! at 10 K in compari-

son to that observed in the same sample before irradiat
These results show that vortex dynamics is governed by
ratio and not by the columnar defects alone.
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Regarding the magnetic relaxation effects in irradia
YBCO single crystals~see Fig. 11!, the authors of Ref. 14
have not measured the temperature dependence ofJ and its
time decay in the same sample before irradiation with he
ions. However, the data by Abulafiaet al.30 for Jc(T) in
unirradiated YBCO crystals have revealed thatJc(T) has a
pure GL-like temperature dependence withJc50 at about 80
K. Figure 11~c! therefore implies that irradiation introduce

FIG. 11. The data forJ(T) @in ~a!# andS(T) @in ~b!# measured
in 1.4 GeV gold-irradiated YBCO single crystal to a dose cor
sponding to a matching field of 2.4 T@from Thompsonet al. ~Ref.
14!# replotted asJ2/3 versus temperature. The arrows indicate cro
over temperatures inJ(T), which correspond to a decrease ofS in
the peak as the temperature is increased~data obtained by courtes
of J. R. Thompson!. ~c! The theoretical fit~solid line! to the experi-
mental data~open circles! for J(T) at 0.5 T. The solid line is a
superposition of two components toJ(T): an AB-like one@solid
triangles Clem’s model~Ref. 21!# and a GL-like one~dashed line!.
d

y

an optimally doped AB-like phase~solid triangles! into the
YBCO crystals. In a magnetic field of 0.5 T, the ratio of th
currentsJ ~underdoped GL-like withTc543 K) to J ~opti-
mally doped AB-like withTc590 K) at 10 K is approxi-
mately 7. According to Fig. 6, this means the relaxation r
S could reach a value of 0.08–0.09, which is 5–6 tim
higher than the highest rates found by us in YBCO films

We would like to point out that our studies indicate th
the fast relaxation effects can be observed in multiphase
perconductors. A proper ratio of at least two phases is
quired in order to stimulate formation of a magnetic rela
ation peak. In a single phase system, either an underdo
one or an optimally doped one, these effects have not b
observed.

In fact, the measurements ofJc(T) and S(T) is a good
test of a sample’s homogeneity. Extensive high-precis
x-ray diffraction studies performed by the Naval Resea
Laboratory31–33 on YBCO single crystals have shown th
the sharpness of the superconducting transition alone is n
good indicator of homogeneity of a superconductor.

V. CONCLUSIONS

The results of this research imply that vortex dynam
~vortex-phase diagrams! could be affected by the nanoscop

-

-

FIG. 12. ~a! and ~d! Jc(T) for unirradiated films of YBCO No.
1B and YBCO No. 7.~b! and ~e! Jc(T) for irradiated films of
YBCO No. 1A ~with a 1.4 GeV uranium! and YBCO No. 7~with a
1.4 GeV lead! to a dose corresponding to a matching field of 0.5
Solid triangles: the AB-like components of unirradiated samp
taken from~a! and~d!. Comparison of the AB-like components fo
irradiated and unirradiated samples suggests an irradiation-ind
phase separation.~c! and~f! Corresponding data forS(T) for unir-
radiated and irradiated YBCO films. Measurement ofJc at 10 K for
irradiated YBCO No. 1A revealed an increase of the current den
by about 20% but a reduction by about 6% for irradiated YBC
No. 7 in comparison toJc of unirradiated samples.



e
e

ic
u

t
p
i
p
e

a
n
n

o

s

at a

ld
the

the

tion
d
ped

nd

ci-
at
-
der

11 720 PRB 61YAN, JUNG, DARHMAOUI, REN, WANG, AND KWOK
filamentary phase separation of underdoped and optima
doped phases. In YBCO thin films the magnitude of the r
laxation rateS at low temperature depends on the relativ
quantity of underdoped and optimally doped phases ina-b
plane nanostructures, as shown schematically in Fig. 1~c!.
These nanostructures from a ‘‘disordered chessboard’’ wh
can be arranged with an infinite number of possibilities. O
results have shown that the low-temperature peak inS(T)
develops when the amount of an underdoped phase in
nanostructures increases at the cost of an optimally do
one. The peak is a characteristic of a superconductor wh
consists of mixed phases, and it does not appear in sam
that contain a single optimally doped or an underdop
phase.

Researchers often assume that their samples~single crys-
tals or thin films! are homogeneous, neglecting the fact th
the superconducting order parameter could vary over na
scopic distances equal to the Ginzburg-Landau cohere
length. Nanostructures like those shown in Fig. 1~c! govern
the pinning of magnetic vortices, due to the spatial variati
of the order parameter.

As mentioned in the Introduction, two peaks inS(T) of
remnant magnetization for unirradiated BiSCCO~2212!
crystals were investigated by Tuominenet al.1 using the
measurements of longitudinal and transverse component
magnetic moment for different orientation angleu of an ap-
plied magnetic field with respect to thec axis. The height of
o

k
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a low-temperature peak was found to decrease and that
higher temperature~close toTc) to increase with increasing
angleu. According to our argument, these two peaks cou
be caused by the presence of two underdoped phases in
sample. For a longitudinal magnetization a decrease in
magnitude of the low-temperature peak with increasingu
suggests phase separation in thea-b planes. An increase in
the magnitude of the high-temperature peak withu, on the
other hand, could imply the presence of phase separa
along thec axis of the crystal, with layers of an underdope
phase sandwiched between the layers of an optimally do
one.

This work supports ideas of filamentary fragmentation34

and a fractal dissipative regime35 in high-Tc superconduct-
ors.
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