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Pairing transition, coherence transition, and the irreversibility line in granular GdBa 2Cu3O7Àd
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We report on electrical magnetoconductivity experiments near the superconducting transition of a granular
sample of GdBa2Cu3O72d . The measurements were performed in magnetic fields ranging from 0 to 500 Oe
applied parallel to the current orientation. The results show that the transition proceeds in two steps. When the
temperature is decreased we first observe the pairing transition, which stabilizes superconductivity within the
grains at a temperature practically coincident with the bulk critical temperatureTc . Analysis of the fluctuation
contributions to the conductivity shows that the universality class for this transition is that of the three
dimensional~3D!-XY model in the ordered case, with dynamic critical exponentz53/2. Close to the zero-
resistance state, the measurements reveal the occurrence of a coherence transition, where the phases of the
order parameter in individual grains become long-range ordered. The critical temperatureTco for this transition
is close to the point where the resistivity vanishes. A strong enlargement of the fluctuation interval preceding
the coherence transition is caused by the applied magnetic field. In this region, a 3D-Gaussian regime and an
asymptotic critical regime were clearly identified. The critical conductivity behavior for the coherence transi-
tion is interpreted within a 3D-XY model where disorder and frustration are relevant. The irreversibility line is
determined from magnetoconductivity measurements performed according to the zero-field-cooled~ZFC! and
field-cooled data collected on cooling~FCC! recipes. The locus of this line coincides with the upper tempera-
ture limit for the fluctuation region above the coherence transition. The irreversibility line is interpreted as an
effect of the formation of small clusters with closed loops of Josephson-coupled grains.
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I. INTRODUCTION

Since the early studies on high-temperature supercond
ors ~HTSC’s!, the pronounced granular character of sinte
samples of these systems has been recognized.1 In particular,
their resistive transition shows a two-stage behavior,2,3 which
is a distinctive characteristic of granular superconducto4

At a higher temperature, which is practically coincident w
the bulk critical temperatureTc , superconductivity stabilizes
in homogeneous and mesoscopic regions of the sam
~grains!. The long-range superconducting state is achieve
a lower temperatureTco through a percolationlike proces
which controls the activation of weak links between grai
A detailed study of this process, which has been called
‘‘coherence transition,’’ is given by Rosenblattet al.5

At the coherence critical temperatureTco , the fluctuating
phases of the Ginzburg-Landau order-parameter in e
grain couple into a long-range ordered state and a z
resistance state sets in. The relevant thermodynamics for
problem is obtained from the phase-glass Hamiltonian,6

H52(
i , j

Ji j cos~u i2u j2Ai j ! ~1!

whereJi j is the Josephson energy coupling between graii
and j, and u i denotes the phase of the order paramete
grain i. The gauge factorAi j is given by

Ai j 5
2p

F0
E

i

j

AW •dW l , ~2!
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whereF0 is the flux quantum and the line integral is eval
ated between centers of grainsi andj. The model represente
by Eq. ~1! belongs to the 3D-XY class with nontrivial~asso-
ciated to frustration! disorder. Frustration is primarily intro
duced by a random distribution of the factorsAi j .7 The pos-
sibility for negative values of theJi j couplings due to, e.g.
the occurrence of p junctions, may also introduce
frustration,8 much as in the conventional spin-glass mode9

Recently, we have presented electrical conductivity a
specific-heat experiments,10 which give significant support to
a description of the coherence transition as a genuine cri
phenomenon. In this article, we report on detailed magne
conductivity measurements at low applied fields in
GdBa2Cu3O72d ~GBCO! granular superconductor. The re
sults show clearly that the transition to the superconduc
state in this system is a two-stage process. In the nor
phase, when the temperature approachesTc from above, we
observe that conductivity fluctuations scale as predicted
the Gaussian theory. Then, a crossover occurs to a beha
described by the full-dynamic 3D-XY universality class.

Below the pairing transition, and in the region approac
ing the zero-resistance state, our magnetoconductivity res
can be fitted to power laws of a new reduced temperat
«05@T2Tco(H)#/Tco(H), whereTco(H) is almost coinci-
dent with the temperature where resistance vanishes.
behavior is an effect of thermal fluctuations that are prec
sory to the coherence transition. Large Gaussian and cri
regimes related to the coherence transition could be
cerned.
12 457 ©2000 The American Physical Society
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Measuring the magnetoresistivity according to the Z
and FCC prescriptions,11 we could also determine the irre
versibility line. The locus of this line lies clearly abov
Tco(H) and coincides approximately with the upper te
perature limit for observing the fluctuation regimes related
the coherence transition.

II. EXPERIMENT

We have prepared a GBCO polycrystalline sample by
standard solid-state technique. Our procedure includes t
intermediate grindings before the final sintering at 860 °
Part of the obtained pellet was cut into a bar with dimensi
83231 mm for resistivity measurements, part was used
energy-dispersive x-ray analysis~EDAX! and electron mi-
croscopy, and part was ground again for powder x-ray
fraction. The EDAX analysis in several points of the sam
surface indicated a rather homogeneous composition. Q
tative electron microscopy allowed the visualization
grains with average size of 5m and ellipsoid shape, homoge
neously distributed on the examined surface. The mass
sity of the sample was about 80% of the ideal value, and
x-ray spectrum displayed only the reflections expected
the GBCO orthorhombic structure. The obtained lattice
rameters, a53.905(8) Å, b53.843(4) Å, and c
511.721(2) Å, are within the range of values reported in
literature.12

Resistivity measurements were performed using a lo
frequency, low-current ac technique between the ze
resistance state and room temperature. Special care
taken in the temperature interval close to the transition
order to determine accurately the fluctuation contribution
the conductivity. Magnetic fields of 0, 5, 10, 20, 50, 10
200, and 500 Oe were applied parallel to the current dir
tion. Studies of the fluctuation magnetoconductivity we
carried out when the field was applied in accordance to
FCC procedure. For determining the irreversibility line, e
periments were performed sequentially according to the Z
then the FCC recipes.

Temperatures were measured with a Pt sensor corre
for magnetoresistance effects that allows a resolution be
than 2 mK. A large number of resistivity vsT points were
recorded while the temperature was continuously increa
or decreased across the transition in rates not exceedi
K/h. Using a numerical method, we could accurately de
mine the temperature derivative of the resistivity,dr/dT, in
the interval near the transition.

III. RESULTS

Figure 1 shows the resistive transition of our granu
GBCO sample in several applied fields. Panel 1~a! presents
the resistivity versus temperature plots, whereas panel~b!
depictsdr/dT in the same temperature range. The two-sta
nature of the superconducting transition in this system
apparent from the results in both plots. The applied fie
practically do not affect the shape of the curves in the te
perature range above the main peak indr/dT, whose posi-
tion is denoted asTP . This temperature, as shown in Fig.
is approximately coincident with the pairing critical temper
ture Tc . Below TP , and down to the zero-resistance sta
-
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the resistivity curves are dominated by effects related
granularity and depend strongly on the applied field.

The two-stage character of the resistivity transition in t
granular HTSC is rendered still more evident by represen
the data in terms of the quantity13

xs52
d

dT
ln Ds, ~3!

whereDs is the fluctuation conductivity, given by

Ds5s2sR . ~4!

FIG. 1. Resistive transition of our granular GBCO sample
several fields applied parallel to the current, represented as~a! re-
sistivity vs temperature and~b! dr/dT vs temperature. The applie
fields of 0, 5, 10, 20, 50, 100, 200, and 500 Oe regularly s
downwards the resistivity curves in the regime approaching
zero-resistance temperature.

FIG. 2. Resistive transition for the same data of Fig. 1 rep
sented asxs

21 ~see text! as a function of temperature. The straig
lines are fits to Eq.~6! and are labeled by the respective critic
exponents. The irreversibility temperatures for the studied fields
indicated by dots. The irreversibility line is a fit to Eq.~7!.
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In Eq. ~4!, s51/r is the measured conductivity and th
subtracted regular term is estimated by extrapolating
high-temperature behaviorsR

215aT1b, down to the region
of the transition. Plots ofxs

21 as a function ofT for several
applied fields are shown in Fig. 2. There, one clearly o
serves distinctive behaviors in the temperature interval do
nated by fluctuations in the normal phase aboveTP ~pairing
transition!, and in the region describing the approach to
zero-resistance state~coherence transition!.

The main purpose of presenting the data in terms ofxs
21

is the study of the asymptotic critical fluctuation regime
Indeed, assuming thatDs diverges as a power law when th
temperature approachesTc from above, that is,

Ds;~T2Tc!
2l, ~5!

we obtain that

xs
215

1

l
~T2Tc!. ~6!

Thus, as in the Kouvel-Fisher method14 for studying critical
phenomena, the identification of a linear temperature reg
in xs

21 allows the simultaneous determination ofTc and the
critical exponentl. In Fig. 2, straight-line fits to thexs

21

data are shown.
Above TP , we observe a power-law regime with the e

ponentlcr
(P)50.3560.02. This value is consistent with ex

pectations from the 3D-XY model,15 with dynamics given by
the modelE of Hohenberg and Halperin.16 This model de-
scribes the critical dynamics for the superfluid transition
helium, where the order parameter has two components
the density is a conserved quantity. The dynamical univ
sality class of modelE is also expected to be valid for th
superconducting transition in extreme type-II system15

Above this genuine critical regime, it is possible to disce
intervals dominated by Gaussian fluctuations,17 which are
not addressed in this article.

When the temperature is decreased below the deep m
mum whereTc is located, thexs

21 data of Fig. 2 show the
characteristic behavior of granular samples. First,xs

21 in-
creases steeply, such that its shape is nearly symmet
with respect to the high-temperature side of the pairing tr
sition, until a field-dependent maximum is attained. Th
xs

21 decreases to zero atTco(H) with a curvature that is
inverted when compared to that observed aboveTc . This
latter behavior results from the effect of phase fluctuation
the granular array above the coherence transition, and c
acterizes the so-called paracoherent state.5 When the field is
increased, the width of the paracoherent fluctuation inte
is correspondingly enlarged.

Two power-law regimes with field-independent expone
are identified in the paracoherent region ofxs

21 . Farther
from Tco , and just below the granularity-induced maximu
in xs

21 , we obtain the exponentlG
(c)50.5360.03. The iden-

tification of this regime becomes clearer when the field
increased above 20 Oe. Also evident is the asymptotic
gime nearTco(H), which is characterized by the expone
lcr

(c)54.260.2.
Figure 3~a! shows an example of magnetoresistance m

surements performed in the ZFC and FCC conditions. T
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two curves split below a characteristic temperatureTirr (H),
which marks the onset of irreversible effects in the mag
totransport properties.11 Figure 3~b! shows the difference be
tween the FCC and ZFC magnetoresistances plotted as f
tions of temperature. Such plots allow an accur
determination ofTirr (H). In the range of studied fields, th
irreversibility temperatures so determined are coincid
with those obtained from ZFC and FCC dc-magnetizat
measurements. The irreversibility temperatures vary with
applied field according to

S H

H0
D5F12

Tirr ~H !

Tirr ~0! Gg

, ~7!

whereg51.4860.05 andH056362 kOe.
The experimentally determinedTirr (H), which are sig-

naled by full circles in Fig. 2, are nearly coincident with th
temperatures of the granular maximum inxs

21 . This behav-
ior clearly associates the onset of irreversibility effects in o
granular superconductor with a threshold that marks the
per temperature limit of the paracoherent interval and se
rates single grain from collective grain responses in the fl
tuation conductivity.

Rather interesting is the behavior ofxs
21 just above

Tirr (H) and up to the deep minimum where the pairing te
perature is located. In this temperature rangexs

21 is approxi-
mately symmetrical with respect to the behavior observed
the normal phase just aboveTc . Indeed, as shown in Fig. 2
in a certain region of this intervalxs

21 may be fitted to a
straight line asxs

215(1/l2)(Tc
22T), whereTc

2 is nearly
coincident with Tc and l250.3. This suggests an unex
pected symmetry of the fluctuation-conductivity divergen
aroundTc . We note, however, that neither thel2 regime
nor the coherence transition have been identified in sin

FIG. 3. ~a! Representative resistivity experiments performed
cording to the ZFC~zero-field-cooled! and FCC~field-cooled cool-
ing! prescriptions. The applied magnetic field is indicated.~b! Dif-
ference between results in panel~a! plotted as a function of
temperature.
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12 460 PRB 61ROA-ROJAS, MENEGOTTO COSTA, PUREUR, AND PRIETO
crystal samples,18 so that thel2 regime might be related to
finite-size effects in isolated grains of the ceramic HTS
samples.

IV. DISCUSSION

A. Pairing transition

The critical exponent for fluctuation conductivity is give
by

l5v~21z2d1h!, ~8!

wherev is the critical exponent for the coherence length,z is
the dynamical critical exponent,d is the dimensionality, and
h is the exponent of the order-parameter correlation fu
tion.

When the temperature approaches close enough toTc , the
critical thermodynamics of the superconducting transition
well described by the 3D-XY universality class.15 According
to renormalization-group calculations,19 in this case one
would expectv50.67 andh50.03. On the other hand, th
theory of dynamical critical scaling16,20 predicts thatz53/2
for the superconducting transition. Substituting these val
in Eq. ~8!, one obtainsl>0.35, in agreement with our ex
perimental finding for the asymptotic fluctuation regime p
cursor to the pairing transition, as shown in Fig. 2. Th
regime is observed in the whole range of applied fields
extends up to 0.85 K aboveTc .

B. Coherence transition

The power law behavior of the conductivity, characteriz
by the exponentlcr

(c)54.2, which governs the approach
the zero-resistance state atTco , is interpreted as an effect o
genuine critical fluctuations precursory to the coherence t
sition. In contrast to the critical regime near the pairing tra
sition, the asymptotic critical interval in the paracohere
state extends to several K and enlarges when the field m
nitude is increased. This is indeed suggestive of a perc
tionlike transition associated to the connective nature of
granular array in ceramic HTSC’s. In this case,21 as well as
in other disordered and frustrated systems,22 the critical ex-
ponent for the correlation length is found to bev>4/3. From
Eq. ~8!, where we putd53 and assumeh>0, the conduc-
tivity exponentlcr

(c)54.2 corresponds toz>4.1.
The whole picture emerging from our experiments is co

sistent with results obtained23 from I-V isothermal measure
ments in polycrystalline YBa2Cu3O72d ~YBCO!, and agrees
with conclusions of a recent Monte Carlo study by Weng
and Young,24 based on the 3D-XY phase-glass Hamiltonia
of Eq. ~1!. These authors found that in both the gauge-gl
~disorder introduced by a random distribution in the gau
factors Ai j ) and chiral-glass~disorder due to random sig
distribution in the bondsJi j ) versions of the model based o
Eq. ~1!, the critical exponents arev>1.3 andz>3.1. Ac-
cording to Eq.~8!, this yields a conductivity exponentlcr

(c)

>3. This value has been found in several experiments
formed in zero applied field.10,13,25,26However, in the pres-
ence of a small field or when the width of the paracoher
critical interval is large enough, the asymptotic conductiv
regime generally corresponds tolcr

(c)>4.13,26 This indicates
-
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that the dynamical universality class of the coherence tra
tion in the presence of a small magnetic field is closer to t
of a spin glass, where one indeed expects27 z>4.

Farther fromTco , and just below the maximum inxs
21 ,

the regime described by the exponentlG
(c)>0.5 is likely due

to three-dimensional Gaussian fluctuations. Using the me
field valuesv50.5, h50, andz52 in Eq. ~8!, one repro-
duces the measured value oflG

(c) . We notice that this is
probably the first identification of a Gaussian regime cor
sponding to a vortex-glass-like transition. Such fluctuatio
were searched for unsuccessfully in I-V experiments
YBCO thin films.28 It is also interesting to note that th
fluctuation spectrum is isotropic in the whole paracoher
interval, in spite of the strong planar anisotropy of the int
grain superconductivity.

The shape of thexs
21 results of Fig. 2 in the paracoheren

region strongly suggests that the whole measurements
be scaled into a single curve.

The scaling behavior proposed for the fluctuation cond
tivity close to a vortex-glass transition is given by29

D;H21/2(21z2d)S6S «0

H1/2yD , ~9!

where «05(T2Tco)/Tco , and S6 are scaling functions
above and belowTco , respectively.

Assuming, following Fisheret al.,30 that

@Tc2Tco~H !#;H1/2y ~10!

and using the scaling variable introduced by Ko¨tzler et al.,31

t5
T2Tco~H !

Tc2Tco~H !
, ~11!

we derive that

d

dt
ln S1~t!5xs@Tc2Tco~H !# ~12!

in the fluctuation region above the coherence transition
below the pairing transition. Figure 4 shows a plot
xs@Tc2Tco(H)# vs t determined from the results present

FIG. 4. Scaling of the fluctuation magnetoconductivity results
Fig. 2 betweenTco andTc , in accordance to Eq.~12!.
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PRB 61 12 461PAIRING TRANSITION, COHERENCE TRANSITION, . . .
in Fig. 2. Good scaling is indeed obtained in most of t
range@0,1# for the variablet. Deviations occur close to th
high-temperature end because of the steep variation ofxs

21

above the irreversibility line in Fig. 2, where data scale rat
with Tc , as discussed in the last paragraph of Sec. III.

C. Irreversibility line

The de Almeida-Thouless-like behavior of the irreve
ibility line in our granular HTSC at low applied fields ma
be explained by the phase-glass model of Eq.~1!. The coin-
cidence of the irreversibility temperature at a given field w
the maximum inxs

21, signaling the high-temperature limit o
the paracoherent fluctuation interval, is a clear indication t
the onset of irreversibility effects is a threshold separat
single-grain from collective-grain behavior. The Hamiltoni
of Eq. ~1! predicts that when loops of weakly coupled grai
are formed, frustration may occur since the coupling energ
between all pairs of grains cannot be simultaneously m
mized in the presence of the random gauge fac
Ai j .6,7 As a consequence, the state of a small aggregat
interacting grains becomes highly degenerate with m
nearly equivalent low-energy configurations. Irreversible
fects occur when the system evolves through the rug
landscape characteristic of the phase space in disordered
frustrated systems.9 Thus, the irreversibility line at low fields
in granular superconductors is a consequence of the sta
zation of relatively small aggregates of coupled grains, a
do not represent necessarily a phase transition. In o
terms, the irreversibility line is related to the onset of sho
range ordering, in contrast to the percolationlike cohere
transition that is achieved when an~ideally! infinite cluster of
coupled grains is formed in the sample.

V. CONCLUSIONS

Our low-field magnetoconductivity results in a granu
GBCO superconductor show that the resistive transition
this system is a two-stage process. When the supercond
ing state is approached from above we first observe the
currence of a pairing transition, which stabilizes the cond
sate within the grains at a critical temperatureTc close to that
of a bulk specimen. This transition is preceded by large
gimes dominated by fluctuations of the order parameter
plitude. Immediately aboveTc a full dynamic 3D-XY fluc-
tt
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tuation regime, withz53/2, is clearly identified. This regime
extends up to 0.85 K aboveTc , and is robust against mag
netic fields applied parallel to the current in the range 0–5
Oe.

The genuine superconducting state with zero-resista
stabilizes at the coherence transition that occurs at a lo
temperatureTco , where a long-range-ordered state for t
phase of the order parameter is established in the wh
granular array. The approach to the zero-resistance sta
dominated by strong fluctuations of the phase of the or
parameter of individual grains. Extended power law regim
corresponding to 3D-Gaussian and critical fluctuations
identified in the magnetoconductivity experiments. The o
tained exponent in the asymptotic critical regime indica
that the static and dynamic universality classes for the co
ence transition is that of the 3D-XY model described by the
phase-glass Hamiltonian of Eq.~1!, where the disorder is
nontrivial ~accompanied by frustration! and critically rel-
evant. A scaling analysis of the conductivity in the interv
betweenTco and Tc shows that the coherence transition
our homogeneously granular superconductor fits into
more general framework of the vortex-glass theory.

Magnetoconductivity measurements performed accord
to the ZFC and FCC prescriptions allowed the determinat
of the irreversibility line. The locus of this line lies clearl
above the zero-resistance temperatures and coincides
proximately with the high-temperature limit for the fluctu
tion region above the coherence transition. This indica
that the low-field irreversibility line in granular supercon
ductors is a threshold separating single-grain from collecti
grain behavior and is related to the formation of small clu
ters with closed loops of Josephson-coupled grains.
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