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Separated suppression of the transverse and longitudinal Josephson flux mobility
in a Bi1.6Pb0.4Sr2Ca2Cu3Oy superconductor
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We report on very detailed zero-field-cooling and field-cooling magnetization and magnetoresistance mea-
surements in a polycrystalline Bi1.6Pb0.4Sr2Ca2Cu3Oy superconductor. The results allow us to study the irre-
versibility line as a function of the magnetic field and temperature. The resistive transition in low fields occurs
visibly in two stages, characterizing a granular superconductor. The magnetic irreversibility line as a function
of applied field,Tirr (H), reveals a flux dynamics with several regimes. In fields below 0.3 kOe, theTirr (H)
data define an usual de Almeida–Thouless–like line. However, for fields above this valueTirr (H) splits up into
two lines of quite different slopes, evidencing a two-step reduction of the flux mobility with decreasing
temperatures. We discuss this double onset of irreversibilities in terms of the separated suppression of the
transverse and longitudinal fluctuations of the Josephson flux lines. Lacking a specific theoretical approach
able to account for the two-step character of theTirr (H) data, we emphasize its striking analogy with the
magnetic irreversibility ofCuMn spin glasses and tentatively attribute the upper-temperature line to suppres-
sion of the transverse flux mobility along a Gabay-Toulouse-like line and the lower-temperature line to sup-
pression of the longitudinal flux fluctuations along a second de Almeida–Thouless–like line. We suggest that
the superconducting glass model including effects from the grain charging energy might be useful to describe
these results. We also study the reversible regime of the magnetization aboveTirr (H) and up to the bulk
critical temperature. These results may be interpreted within the three-dimensionalXY model for supercon-
ducting thermal fluctuations.
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I. INTRODUCTION

The magnetic behavior of the high-temperature superc
ductors~HTSC’s! as a function of temperature and appli
field is largely determined by irreversibilities that depend
the flux mobility and are intimately related to the topology
the superconducting state. Detailed magnetic measurem
may thus provide valuable information on the pinni
mechanisms as well as on the spatial variation of the c
densate wave function.1 On the other hand, precise magn
toconductivity measurements in the neighborhood of the
perconducting transition yield information on the fluctuati
regimes and the nature of the superconducting transit
Transport measurements can clearly differentiate betw
the transition within the grains, which has been called
pairing transition, and the coherence transition which occ
when a phase-coherent state is established in the g
network.2 Such studies thus are especially suited to rev
details about granular superconductivity.

Superconducting granularity of the HTSC’s results n
simply from polycrystallinity. Due to the very short cohe
ence length of the Ginsburg-Landau~GL! order parameter
any crystal defect introduces a strong local depression of
superconducting order parameter3 which may lead to granu
larity even in single crystals.4 Extended defects such as di
locations, twinning planes, stacking faults, and oth
may separate a superconducting grain into subgr
that remain only weakly connected. In the case
0163-1829/2001/64~17!/174502~8!/$20.00 64 1745
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Bi22xPbxSr2Ca2Cu3Oy , deviations in the oxygen stoichiom
etry and the introduction of Pb are responsible for the mic
scopic granularity revealed by studies of fluctuation cond
tivity in the normal phase.5 Oxygen depletion also plays a
important role. It strongly debilitates the weak links an
reinforces the granular character of polycrystalli
YBa2Cu3O72d ~YBaCuO!, as verified by resistivity and
magnetization measurements.6 Replacing Ba by Sr in this
system strongly increases the twinning7 and reduces the co
herence length,8 sharpening the topology of the GL orde
parameter and increasing the granular character of
samples.

Flux dynamics in isotropic and homogeneous lo
temperature superconductors~LTSC’s! is relatively simple
and can be understood in terms of the conventional flux-fl
and flux-creep theories.9 This may even be possible in th
case of very pure and homogeneously oxygenated HT
single crystals.10 Most of the HTSC samples, however, a
granular and the assumptions underlying the conventio
theories are not satisfied.

The magnetic behavior of the granular HTSC’s in gene
depends on two quite different contributions to flux dyna
ics: that of the intergranular, or Josephson, flux and tha
the intragranular, or Abrikosov, flux. This is why flux prop
erties in these materials are so complex and also is the m
probable reason why the origin of magnetic irreversibilitie
although intensely studied since their discovery,1 is still mat-
ter of strong controversy.
©2001 The American Physical Society02-1
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Fortunately, in several circumstances the magnetic pr
erties in the granular HTSC’s are dominated by only one
the two contributions for the magnetic flux. The fact that t
critical field (Hc1J) for penetration of Josephson flux into th
intergrain spaces is much lower than that for penetration
Abrikosov vortices into the grains themselves (Hc1g) means
that activation of the Josephson flux occurs for much low
energies than of the intragrain flux. It has been verified t
in polycrystalline YBaCuO and YBaCuO/Ag nonrando
composites, effective activation of Josephson flux under
fields occurs even tens of degrees below the magnetic
versibility limit.11 Quite generally, the Josephson flux see
to dominate the magnetic behavior of the granular HTSC’s
low fields.8,11–13 On the other hand, for high enough field
and temperatures the motion of the Josephson flux beco
reversible while the Abrikosov flux dynamics still remain
irreversible. The Abrikosov flux dynamics has been found
systematically dominate the magnetic irreversibilities
granular HTSC’s in a vast high-field region8,12,13or even in
the whole field range in the case of nearly perfect YBaC
single crystals,10,12–19where the Josephson flux is practica
absent.

Another important characteristic of the granular HTSC
resides in the fact that the Josephson flux dynamics
strongly dominated by disorder and frustration in the gr
couplings.20 The de Almeida–Thouless-~AT-! like profile of
theTirr (H) data in the low-field region corroborates this fa
and was pointed out already in the pioneering work
Müller and co-workers.1 The AT line21 is the power law

H~T!5H0
AT~1-tAT!a ~a53/2! ~1!

where tAT5Tirr
AT(H)/Tirr

AT(0). The characteristic fieldH0
AT

and the irreversibility temperature at zero field,Tirr
AT(0), are

fitting parameters. This power law, which was originally d
termined from mean-field calculations and successfully
scribes the magnetic irreversibility line of Ising sp
glasses,21 has been found to describe well the low-fie
Tirr (H) data of all the granular HTSC’s.2,6,8,11–13,22–25

In many irreversibility studies of granular YBaCuO an
BiSrCaCuO superconductors2,6,8,12,13,22–24it was, however,
found that theTirr (H) data, above a crossover field of abo
0.5 kOe, systematically deviate from this low-field AT-lik
line. Moreover, in many cases the behavior of theTirr (H)
data above the crossover field6,8,12,13,22could be well fitted by
a Gabay-Toulouse-~GT-! like power law26

H~T!5H0
GT~1-tGT!a ~a51/2!, ~2!

where tGT5Tirr
GT(H)/Tirr

GT(0) andH0
GT and Tirr

GT(H) are fit-
ting parameters.

The occurrence of an AT-GT crossover in the magne
irreversibility line of spin glasses has been long known.27 Its
origin is quite well understood theoretically in terms of
Ising XY or Ising-Heisenberg crossover in the behavior
vector spins.28,29This transition occurs when the value of th
external applied field reaches a few hundred Oe and beco
much larger than the random local anisotropy fields. T
occurrence of such a crossover in the irreversibility line
granular oxide superconductors is, at least, intriguing.
17450
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fact, it reinforces the analogy between the magnetic beha
of the granular oxide superconductors and of the spin gla
and raises a number of challenging questions.

In the present work we report on an even much m
striking analogy between the magnetic irreversibilities of t
HTSC’s and spin glasses. We have investigated in great
tail the magnetic irreversibility of a polycrystallin
Bi1.6Pb0.4Sr2Ca2Cu3Oy @Bi~Pb!-2223# superconductor as a
function of the applied field and found, for the first time
our knowledge, suppression of the flux mobility in tw
stages with decreasing temperature. TheH-T diagram of the
magnetic irreversibilities of this superconductor is almo
identical to that of the archetypalCuMn spin glasses.27 We
also study the field and temperature dependence of the m
netization of our Bi~Pb!-2223 sample in the reversible sta
above the irreversibility line. These results scale accordin
the predictions of the three-dimensional~3D! XY model.

II. EXPERIMENTAL METHODS

We prepared a Bi1.6Pb0.4Sr2Ca2Cu3Oy polycrystalline
sample using the usual method of solid-state reaction. A
thoroughly mixing the precursor powders Bi2O3, PbO, CuO,
SrCO3 and CaCO3 to the given proportions in an agate mo
tar, the mixture was reacted at 800 °C during 20 h, and t
ground again, pressed into pellets, and annealed at 82
for 20 h. After grinding once more and pressing into pelle
of 10 mm in diameter and 2 mm in thickness, the samp
were sintered at 850 °C during 160 h. All these treatme
were performed in air.

dc magnetization measurements were performed a
function of temperature under zero-field-cooling~ZFC! and
field-cooling ~FC! conditions by using a vibrating sampl
magnetometer having a sensitivity better than 1024 emu and
a temperature resolution of 0.1 K. The magnetoresista
was measured with high resolution using a low-current lo
frequency ac experimental setup where a lock-in amplifie
used as a null detector. In this case, temperatures were
sured with a Pt resistor corrected for magnetoresistance
fects within a resolution of 231023 K. Data points are
closely spaced so that the temperature derivative of the
sistivity, dr/dT, could be numerically determined.

III. RESULTS

Granular HTSC’s having a well-defined superconduct
transition temperature within the grains in general show
two-stage resistive transition. This is particularly visible
dr/dT results which displays a sharp peak nearTc and a
shoulder in its lower-temperature side.2 The two-stage resis
tive transition of our Bi1.6Pb0.4Sr2Ca2Cu3Oy sample is re-
vealed by the results shown in Fig. 1 which were obtain
for several applied fields. The prominent peak at 110.12 K
practically coincident with the bulk pairing critical temper
tureTC and the shoulder at its left is related to a percolatio
like regime where the grains progressively couple until
zero-resistance state is achieved at the coherence transi2

The weak links between the superconducting grains
well known to be very sensitive to magnetic fields.20 An
2-2
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SEPARATED SUPPRESSION OF THE TRANSVERSE AND . . . PHYSICAL REVIEW B64 174502
applied field introduces a phase shift in the GL order para
eter across the junctions and lowers the grain coupling
ergy. This is deleterious to the phase coherence and disp
the zero-resistance point to lower temperatures. In Fig. 1
broadening produced by the applied field appears v
clearly in the lowest step of the resistive transition. In t
low-field limit, the fluctuation regime precursor to the cohe
ence transition is enlarged.2,30 The bulk transition, however
remains sharp and practically at the same temperature.

Figure 2 shows some of the dc magnetization meas
ments in our Bi~Pb!-2223 sample as a function of the tem
perature in the indicated fields. These experiments were
formed under zero-field-cooled (MZFC) and field-cooled
(MFC) conditions for a large number of applied fields up
5 kOe. The first inflection of the magnetization with lowerin
temperature denotesTc , which coincides within the experi
mental precision with the temperature of the peak indr/dT
shown in the inset of Fig. 1. The temperature where the Z
and FC curves split apart is the irreversibility limit for th
given applied field. As shown in Fig. 2, these curves sepa
tangentially, making it difficult to see where exactly the
separate. The irreversibility limit becomes much sharper
plotting the differenceDM5MFC2MZFC as a function ofT,
as displayed in Fig. 3 for several applied fields. In practi
however, the interpretation of these plots may be com
cated by the presence of thermal gradients. For a super
ductor, this gradient depends on temperature nearTc , where
its thermal conductivity changes considerably. In our exp
ments we take special care to shortcut temperature grad
and minimize the residual effects by developing correct
procedures in the analysis of the data.

The temperature point where theDM data abandon the
zero base line defines the irreversibility limit of the samp
for the respective applied field. Usually, this onset is the o
remarkable point shown in theDM vs T plots. As depicted in
Fig. 3, ourDM data in low fields effectively display only
this characteristic irreversibility point, which shifts from 10
K to about 95 K when the field is increased from 0.003 to
kOe ~see also Fig. 4!. The solid line through the low-field

FIG. 1. The resistive transition of our sample for the indica
fields. The inset displays the respective temperature derivat
Both plots evidence the drastic effects of the small applied field
the grain coupling and coherence transition.
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irreversibility data, indicated by AT1 in Fig. 4, is a fit to Eq
~1! which leads toH0

AT158 kOe andTirr
AT1(0)5107.5 K.

From 0.5 kOe and up to the highest fields,DM (T) sys-
tematically show an upward inflection point at a temperat
neatly below the onset of irreversibility, as shown in t
representative results of Fig. 3. The temperatures of the o
~irreversibility limit! and of the inflection point are indicate
by arrows and are denoted asTirr

W andTirr
S , respectively, in

Fig. 3 as well as in the ZFC and FC magnetization results
Fig. 2. The inflection pointTirr

S is obtained from the depar
ture of theDM points from the linear fit describing the da
betweenTirr

W andTirr
S , as shown in Fig. 3.

We notice the striking resemblance of Fig. 3 with simil
data obtained by Kenninget al.27 for the archetypalCuMn
spin glass. As do these authors, we associateTirr

W with the
onset of weak irreversibility effects, which are hardly dete
able in plots such as those in Fig. 2. On the other hand,Tirr

S

is located in a region where the difference between the Z
and FC magnetization becomes significant. Thus, follow
again authors in Ref. 27, we attributeTirr

S to the onset of
strong irreversibility effects.

Plotting the double breaksTirr
W and Tirr

S onto the H-T
diagram of Fig. 4, a consistent feature arises that clos
resembles the two-stage suppression of the transverse

s.
n

FIG. 2. The ZFC and FC magnetization data as a function
temperature for the indicated fields. The arrows indicate the i
versibility onsets. These limits have in fact been taken from
DM5MFC2MZFC data in Fig. 3.
2-3
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FIG. 3. The DM5MFC

2MZFC data curves for the indi-
cated fields. The arrows indicat
the weak and strong irreversibility
limits. Note the sharpness of thes
limits compared to those in Fig. 2
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FIG. 4. Open and solid circles are the irreversibility data fro
ZFC and FC magnetization as a function of applied field. Crosse
the low-field region are the irreversibility data from magnetores
tance. Open squares indicate theTc(H) values. The solid line
through the low-field data and the dashed line, indicated, res
tively, by AT1 and AT2 are fittings with a de Almeida–Thouless
like power law@Eq. ~1!#. The solid line indicated by GT is a fitting
with a Gabay-Toulouse-like power law. The shaded area betw
the irreversibility and theHc2 lines represents the region where t
magnetization of the sample is reversible and where the diam
netic response is genuinely critical~see Fig. 5!.
17450
longitudinal spin degrees of freedom which is theoretica
predicted26,29 and experimentally found27 to occur in spin
glasses. In our view, the characteristic temperaturesTirr

W and
Tirr

S denote a two-step suppression of the flux mobility in o
Bi1.6Pb0.4Sr2Ca2Cu3Oy sample. The dashed line through th
lower-temperature data branch in Fig. 4, indicated by AT2
also a de Almeida–Thouless–like line@Eq. ~1!#, with param-
eters H0

AT2527 kOe andTirr
AT2(0)595 K. Note that this

line, in spite of the large uncertainties in its determination,
no way can be attributed to the minority phase Bi~2212!,
which is practically absent in our sample and hardly co
have been detected by our experimental method. The s
line through the upper-temperature branch in Fig. 4, in
cated by GT, is a Gabay-Toulouse-like line@Eq. ~2!# with
fitting parametersH0

GT542.75 kOe andTirr
GT595 K. Al-

though the fittings AT2 and GT are poor, we believe that th
are qualitatively correct.

Our present results agree qualitatively well with those
Ref. 22 in the whole range of applied fields. In these pre
ous works, however, the irreversibility line is displaced
lower temperatures and the low-temperature AT2 branch
not found. They also are in good qualitative agreement w
the irreversibility data for oxygen-depleted YBaCuO~Ref. 6!
and for Sr-doped YBaCuO single crystals and polycrystall
samples.8,12,13Some authors24,25 argue that melting lines, in-
stead of the power-law behavior given by Eq.~1!, are found
in samples of the same compound as ours but differing

in
-
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SEPARATED SUPPRESSION OF THE TRANSVERSE AND . . . PHYSICAL REVIEW B64 174502
their grain arrangements. The authors of Ref. 24 studied
reversible magnetization on ac-axis-oriented bulk sample
while those of Ref. 25 used ac susceptibility and dc mag
tization methods on a powder-in-tube sample. The fact
the melting line fitted in Ref. 24 extrapolates to a tempe
ture well aboveTc when H→0 is a puzzle. Interestingly
enough, by imposing that the fitted irreversibility line shou
vanish at temperatures not higher thanTc , we could fit well
the data of Ref. 24 with the power law given by Eq.~1!.

We also analyzed the critical behavior of the reversi
diamagnetic magnetizationMrev of our sample as a function
of temperature in the interval betweenTirr

W and Tc . As the
paramagnetic contribution aboveTc , MT.Tc

, is very small
and constant near the superconducting transition, we h
determinedMrev as

Mrev5MT,Tc
2MT.Tc

, ~3!

whereMT,Tc
is the total measured magnetization belowTc .

We analyze the data by presuming thatMrev vanishes at
Tc according to a power law of the form

Mrev5M0~H !ueub, ~4!

wheree5(T2Tc)/Tc , b is a critical exponent, andM0(H)
is a field-dependent amplitude. Then, as in the Kouv
Fischer method for analyzing critical phenomena,31 we de-
termine numerically the quantity

Y52
d

dT
ln~Mrev!. ~5!

According to Eq.~4!, we obtain

Y215
1

b
~Tc2T!. ~6!

Then, if a linear behavior is identified along a significa
temperature interval in plots ofY21 vs T, the exponentb and
the critical temperatureTc can be simultaneously dete
mined. Onceb and Tc are known, the amplitudeM0(H)
may be determined from Eq.~4!. In Fig. 5 we show ex-
amples ofY21 vs T plots for several applied fields. All suc
plots may be fitted to Eq.~6! along a vast temperature inte
val, and the fitted exponent isb51.0060.05. Extrapolation
of the fit to Y2150 leads to a field-independentTc , which
value is in good agreement with the one obtained from re
tivity measurements. We notice that the behavior ofMrev
according to the power law given by Eq.~4! is strictly re-
stricted to the region in theH-T plane delimited by the irre-
versibility Tirr (H) andHc2 lines ~see dashed area in Fig. 4!.
This is precisely the region where the magnetization of
sample is reversible and should be described as an equ
rium property.

Although the value obtained forb is the same as pre
dicted by the mean-field theory,32 a consistent description o
17450
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our Mrev data requires an interpretation within the 3DXY
critical thermodynamics. According to Salomonet al.,33 the
reversible magnetization nearTc should be written as

Mrev~H,T!5H1/2F~ ueu/H1/2n!, ~7!

whereF is a scaling function andn is the critical exponent
for the coherence length. In the asymptotic limit, Eq.~7! may
be simplified as

Mrev5Aueu/Hy, ~8!

whereA is a constant andy5(n2121)/2. Equation~8! im-
plies that the amplitudeM0 in Eq. ~4! should depend on the
field asH2y. Our M0(H) data could be very well fitted to
Eq. ~8! and we obtainy50.2560.02. From this value we
deduce thatn50.6760.02, which is quite precisely the valu

FIG. 5. Plots of the inverse of the logarithmic temperature
rivative of the magnetization vs temperature data for the indica
applied fields. The solid lines are fittings to Eq.~6!. The arrows
indicate the weak and strong irreversibility limits.
2-5
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predicted by the 3DXY universality class.34 In Fig. 6 the
Mrev results are scaled according to Eq.~8!. A good collapse
of the data onto a single curve is indeed obtained.

IV. DISCUSSION

The novel feature in theH-T diagram in Fig. 4 is the
double irreversibility onset above the crossover field of
kOe. This characteristic makes even more neat the strik
resemblance between theTirr (H) irreversibility line of
granular HTSC’s in the low-field limit and the analogo
results in the archetypalCuMn spin glass.27 In particular, the
AT- and GT-like behaviors ofTirr (H), indicating the onset of
weak and strong irreversibility effects, respectively, may
interpreted as signatures of the relevance of disorder
frustration, as in the glassy magnetic systems. The resul
Fig. 4 strongly indicate that the superconducting-gla
model20 is a possible source of theoretical understanding
the magnetic behavior of the granular HTSC’s at low appl
fields. A superconducting glass may be conceived as a hi
inhomogeneous superconductor or simply as a disord
and weakly coupled aggregate of superconducting grains
der applied field. This model emphasizes the jagged topol
of the relevant phase space, which is due to disorder
frustration, and predicts a transition to a glassy and magn
cally irreversible superconducting phase when grains
come coupled. However, in its simple version,20,35 the
superconducting-glass model predicts that the critical lin
completely smooth and thus unable to account for the de
of our irreversibility lines.

A possible interpretation within the superconducting-gla
model for the AT-GT crossover often observed in the ir
versibility line of granular HTSC’s at low fields was pro
posed by Rodrigues, Jr.et al.6 According to these authors

FIG. 6. Scaling of the~FC! reversible magnetizationMrev data
for ~a! 50 Oe,~b! 200 Oe,~c! 500 Oe,~d! 1000 Oe,~e! 3000 Oe,
and ~f! 6000 Oe~see inset! according to Eq.~8!. The data all col-
lapse on the same curve, leading toy50.2560.02 andn50.67
60.02.
17450
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this crossover is related to a charge energy term wh
should be added to the usual Hamiltonian for a disorde
array of Josephson junctions.20,35 The relevance of a charg
energy term for describing the phenomenology of the gra
lar HTSC’s was emphasized by several authors.36–38 Thus,
an irregular and weakly coupled aggregate of supercond
ing grains should be described in terms of the effect
Hamiltonian

H522e2( ninjCi j
212(

i , j
Ji j cos~u i2u j2Ai j !. ~9!

Here the first term on the right-hand side represents the C
lomb energy of the charges in the grains, whereCi j are the
elements of the capacitance matrix andni (nj ) is the number
of pairs on graini ( j ). The second term is the Josephs
coupling term, where theJi j are the coupling energies be
tween neighboring grainsi and j andu i2u j is the difference
of the respective order parameter phases. Theni andu j are
canonically conjugate variables satisfying the commutat
rule @ni ,eu j #5d i j e

u j . The gauge factorsAi j are given by

Ai j 5
2p

f0
E

i

j

AW .dlW , ~10!

where f0 is the elementary flux quantum,AW is the vector
potential, and the line integral is evaluated between cen
of grains i and j. The total phase displacement(Ai j along
closed loops of grains is constrained to 2p f , wheref is an
integer representing the total number of fluxons enclosed
the loop.

According to the gauge-glass version of the model rep
sented by Eq.~10!,39 frustration is introduced by the random
ness in the factorsAi j . If p junctions occur between grain
concurrently to normal Josephson junctions, frustration m
also be introduced by randomness in the couplingsJi j . This
is the chiral-glass version of model in Eq.~9!.40 The largely
varying quality of the junctions, their directional random
ness, and the fact that the grains are multiconnected lea
conflict and frustration in the granular arrangement, mak
it impossible to minimize the system’s total energy by sim
taneously minimizing the coupling energies of all pairs
grains. Thus, the system loses its ergodicity by freezing i
a highly degenerate ground state with a very large numbe
energy minima of nearly the same value. When the app
field is increased, the randomness of the gauge factorsAi j is
enhanced and the ability of the aggregate to block the in
granular flux is deteriorated. It is thus easy to understa
why Tirr (H) diminishes with increasing field.

However, up to now the model of Eq.~9! has not been
demonstrated to reproduce the different regimes eviden
by our results. The authors in Ref. 6 suggest that the AT-
crossover observed in the irreversibility line of slightly u
derdoped YBaCuO might be due to a single-grain Coulo
energy contribution. This term, reduced to its diagonal co
ponents, is formally analogous to a local uniaxial anisotro
field which induces a crossover from Heisenberg to Is
behavior in spin glasses when the applied field is decrea
towards zero.27–29 In the case of granular superconducto
2-6
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the crossover would be from theXY to an Ising type of
symmetry of the order parameter. According to the me
field theory,29 in both cases the lowering in the effectiv
dimensionality of the order parameter with decreasing fie
would induce a crossover in the freezing temperature fro
GT-like line to an AT type of behavior. Moreover, accordin
to this theory, the GT line corresponds to the freezing of
transverse degrees of freedom of the order param
whereas the longitudinal freezing would occur at an AT-li
crossover line at lower temperatures, giving origin to t
double irreversibility line observed in spin glasses.27 Pushing
further the analogy between these magnetic systems an
granular HTSC’s, we might suggest that the observed w
~GT line! and strong~AT-2 line! irreversibility limits in our
sample are also due to separate freezing of the transvers
longitudinal components of the order parameter, respectiv
In the language of vortices, one would say that at the GT
topological vortices, formed by loops of weak-coupl
grains enclosing a cross-sectional area with respect to
field orientation, start to be stabilized. At the AT-2 line the
vortices acquire longitudinal coherence. In other words, th
length becomes comparable to the sample’s width. Acco
ing to this interpretation, it is natural that the AT-2 line do
not fit as a mere continuation of the low-field AT-1 line. Th
former denotes a crossover in a region in theH-T diagram
where the order parameter hasXY symmetry, while the latter
denotes a frontier in a region where the system behaves
fectively as Ising like.

The interpretation based on Eq.~9! for the low-field mag-
netic irreversibilities observed in our granular HTSC’s is a
favored by the fact that the magnetization scales as predi
by the 3D XY universality class in the reversible regim
above the GT and AT-1 lines in theH-T diagram of Fig. 4.
This means that vortices exist only as fluctuations in t
region, so that the irreversibility line cannot be attributed
depinning effects. On the other hand, the relevance of
Coulomb energy term implies that the size of supercond
ing grains ranges about 0.1m.6 Although being much smalle
than the typical crystallite size, this value is qualitative
consistent with the picture that emerges from fluctuation c
ductivity studies in the same sample.5 These results reveale
that our Bi~Pb!-2223 superconductor behaves as microsco
cally granular. This state is generated by strong disorde
the atomic level and is characterized by a correlation len
larger than the intrinsic coherence length, but much sma
than the metallurgical grain size.5

We note, however, that the above-outlined interpretati
based on the spin-glass phenomenology, for describing
versibilities in the granular HTSC’s is subject to criticism
One of them concerns the strict analogy between theXY spin
glass and the superconducting-glass problem represente
Eq. ~9!. It is clear that the two problems are not identic
from a theoretical point of view. From the experimental po
of view, some aspects should also be taken into accoun
has been shown that the irreversibility line at low fields
granular HTSC’s is not a phase boundary. Indeed, a
percolationlike phase transition~coherence transition! in-
volving the whole array of grains occurs at temperatu
neatly belowTirr (H), according to several magnetocondu
17450
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tivity and specific heat studies.2,5,41 These results indicate
that the irreversibility temperatures correspond to the form
tion of relatively small clusters with closed loops o
Josephson-coupled grains. However, the postulated ana
with the spin-glass physics could remain valid. In spite
being a short-range order effect, the irreversibility pheno
enon in granular HTSC’s may still be described by Eq.~9!,
since even relatively small closed loops of grains behave
frustrated structures in the presence of a field.20,35According
to this view, the irreversibility temperatures are not t
equivalent of the critical temperature of the spin-glass me
field theory, but rather the granular superconductor analo
the Griffiths temperature, where short-range ordering effe
become relevant.

The concept of separated transitions for the transverse
longitudinal degrees of freedom has also been incorpora
to the description of the Abrikosov flux-lattice melting i
layered superconductors.42 In this case, the vortex solid firs
melts into a liquid where correlation perpendicular to t
field orientation is lost. Then, at a higher temperature, a
coupling related to the planar anisotropy occurs and the v
tex lines lose longitudinal coherence. This phenomenon
been evidenced in some high-quality single crystals.43 We,
however, believe that it can hardly explain the magnetic
reversibilities observed in our granular sample, where dis
der at a mesoscopic and microscopic level plays an impor
role. In our low-field experiments, the number of vortices p
grain is so small that the concept of a vortex lattice canno
applied to a single grain. Moreover, the fact that the 3DXY
scaling holds for the magnetization in a large reversible
gime above the irreversibility line seems to rule out any m
jor effect from the Abrikosov vortices in the region of theH-
T plane shown in Fig. 4.

In summary, our experiments make clear that disord
frustration, and magnetic irreversibilities are intimately r
lated in our granular Bi~Pb!-2223 superconductor. The ob
tained irreversibility lines are collective grain properties a
cannot be attributed to depinning or single-grain melting
Abrikosov flux lines. The superconducting-glass model
cluding the effect of the Coulomb charging energy is su
gested as a possible theoretical framework to account for
observations since the irreversibility effects and the obtai
Tirr (H) diagrams show striking similarities with those of th
spin glasses. In this work, in addition to hitting on the u
solved problem of the crossover from the low-field AT-like
the higher-field GT-like regime in the irreversibility line,
completely new problem is raised: the two-step irreversib
ity onset above the crossover field. We emphasize the s
larity of both of these properties with the analogous featu
of the archetypalCuMn spin glass. This fact leads us t
suggest that the AT-GT-like crossover in theTirr (H) lines of
our granular HTSC sample occurs when the local ph
anisotropies, induced by the Coulomb term of the effect
Hamiltonian, Eq.~9!, collapse under the external applie
field. This is in analogy with a similar phenomenon in sp
glasses.28 The analogy, however, goes much farther. T
upper- and lower-temperature branches of ourTirr (H) data
in Fig. 4 may represent separated suppression of the tr
verse and longitudinal fluctuations of the magnetic fluxo
2-7



p
e
m
th
e

ra-
ct

A. R. JURELO, P. PUREUR, AND J. SCHAF PHYSICAL REVIEW B64 174502
respectively. When the first superconducting-grain loo
close, they trap Josephson-vortex segments within th
starting suppression of the transverse fluctuations. At a so
what lower temperature, depending on the applied field,
suppression of longitudinal fluctuations begins as well, wh
the first vortices percolate through the whole sample.
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