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Pairing transition, coherence transition, and the irreversibility line in granular GdBa ,Cuz;0,_ 5

J. Roa-Rojas, R. Menegotto Costa, and P. Pureur
Instituto de Fsica, Universidade Federal do Rio Grande do Sul, P.O. Box 15051, 91501-970 Porto Alegre, RS, Brazil

P. Prieto
Departamento de Bica, Universidad del Valle A.A., 25360 Santiago de Cali, Colombia

(Received 14 September 1999

We report on electrical magnetoconductivity experiments near the superconducting transition of a granular
sample of GdBgCu;0;_ 5. 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 temperaturénalysis 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 exporen/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 temp@&rgttoethis 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¢Y model where disorder and frustration are relevant. The irreversibility line is
determined from magnetoconductivity measurements performed according to the zero-fieldtZ6aeend
field-cooled data collected on coolifi§CC) 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.

[. INTRODUCTION whered, is the flux quantum and the line integral is evalu-
ated between centers of grainsndj. The model represented
Since the early studies on high-temperature supercondudby Eqg. (1) belongs to the 3D<Y class with nontrivialasso-
ors (HTSC'’s), the pronounced granular character of sinterecciated to frustrationdisorder. Frustration is primarily intro-
samples of these systems has been recogniregarticular,  duced by a random distribution of the factéys .’ The pos-
their resistive transition shows a two-stage beha%forhich sibility for negative values of thé;; couplings due to, e.g.,
is a distinctive characteristic of granular supercondudors.the occurrence of 7 junctions, may also introduce
At a higher temperature, which is practically coincident with ¢ sration® much as in the conventional spin-glass models.
fche bulk critical temperaturé&,, supgrcond_uctivity stabilizes Recently, we have presented electrical conductivity and

Esecific-heat experiment&which give significant support to

a lower temperaturd ;, through a percolationlike process,
which controls the activation of weak links between grains.

A detailed study of this process, which has been called th
“coherence transition,” is given by Rosenblat al® dBgCus0;-; (GBCO) granular superconductor. The re-

At the coherence critical temperatuFe,, the fluctuating sults s.how' clearly thgt the transition to the superconducting
phases of the Ginzburg-Landau order-parameter in eachiate in this system is a two-stage process. In the normal
grain couple into a long-range ordered state and a zerd?hase, when the temperature approachesom above, we

resistance state sets in. The relevant thermodynamics for thfserve that conductivity fluctuations scale as predicted by
problem is obtained from the phase-glass Hamiltofiian, the Gaussian theory. Then, a crossover occurs to a behavior

described by the full-dynamic 3B-Y universality class.

Below the pairing transition, and in the region approach-
ing the zero-resistance state, our magnetoconductivity results
can be fitted to power laws of a new reduced temperature,
whereJ;; is the Josephson energy coupling between grains ¢, =[T—T_,(H)]/T.o(H), where T.,(H) is almost coinci-
andj, and 6; denotes the phase of the order parameter iyent with the temperature where resistance vanishes. This

phenomenon. In this article, we report on detailed magneto-
onductivity measurements at low applied fields in a

H:_Z J” COS(Bi—GJ-—AiJ-) (1)
1]

graini. The gauge factoA;; is given by behavior is an effect of thermal fluctuations that are precur-
_ sory to the coherence transition. Large Gaussian and critical
Aij:2_7T 'A,&L ) regimes related to the coherence transition could be dis-

0Ji cerned.
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Measuring the magnetoresistivity according to the ZFC
and FCC prescriptions, we could also determine the irre-
versibility line. The locus of this line lies clearly above
T.o(H) and coincides approximately with the upper tem-
perature limit for observing the fluctuation regimes related to
the coherence transition.

p(T) (mQ cm)

Il. EXPERIMENT

We have prepared a GBCO polycrystalline sample by the
standard solid-state technique. Our procedure includes three
intermediate grindings before the final sintering at 860 °C.
Part of the obtained pellet was cut into a bar with dimensions
8X2x1 mm for resistivity measurements, part was used for
energy-dispersive x-ray analys{fEDAX) and electron mi-
croscopy, and part was ground again for powder x-ray dif-
fraction. The EDAX analysis in several points of the sample
surface indicated a rather homogeneous composition. Quali- ‘
tative electron microscopy allowed the visualization of 0 : VN
grains with average size ofyband ellipsoid shape, homoge- 80 84 88 92 9 100
neously distributed on the examined surface. The mass den- TEMPERATURE (K)
sity of the sample was about 80% of the ideal value, and the
x-ray spectrum displayed only the reflections expected for FIG. 1 Resistiye transition of our granular GBCO sample in
the GBCO orthorhombic structure. The obtained lattice paSeveral fields applied parallel to the current, representeidae-
rameters, a=3.905(8) A, b=3.843(4) A, and c sistivity vs temperature an) dp/dT vs temperature. The applied

=11.721(2) A, are within the range of values reported in thd'¢'dS °f 0. 5, 10, 20, 50, 100, 200, and 500 Ge regularly shift
literaturel2 downwards the resistivity curves in the regime approaching the

L . zero-resistance temperature.
Resistivity measurements were performed using a low-

frequency, low-current ac technique between the zero
resistance state and room temperature. Special care w P . : :

) . .~ . granularity and depend strongly on the applied field.
taken in the temperature interval close to the transition i y P gy bp

order to determine accurately the fluctuation contribution to The two-stage character of the resistivity transition in the
o N ranular HTSC is render ill more eviden representin
the conductivity. Magnetic fields of 0, 5, 10, 20, 50, 100,g anua SC is rendered still more evident by representing

200, and 500 Oe were applied parallel to the current direcJEhe data in terms of the quantty

tion. Studies of the fluctuation magnetoconductivity were d
carried out when the field was applied in accordance to the Xo=— ﬁln Ao, 3)
FCC procedure. For determining the irreversibility line, ex-
periments were performed sequentially according to the ZF@vhereA o is the fluctuation conductivity, given by
then the FCC recipes.

Temperatures were measured with a Pt sensor corrected Aoc=0o—oR. (4)
for magnetoresistance effects that allows a resolution better
than 2 mK. A large number of resistivity VB points were LA I L
recorded while the temperature was continuously increased —e— Ireversibility Line
or decreased across the transition in rates not exceeding ¢ gl
K/h. Using a numerical method, we could accurately deter-
mine the temperature derivative of the resistiviy/dT, in
the interval near the transition.

LS

dp/dT (ma cm/K)
n

the resistivity curves are dominated by effects related to

<er
"
lll. RESULTS 4r

Figure 1 shows the resistive transition of our granular
GBCO sample in several applied fields. Pangl) presents
the resistivity versus temperature plots, whereas paf®l 1
depictsdp/dT in the same temperature range. The two-stage
nature of the superconducting transition in this systems is
apparent from the results in both plots. The applied fields
practically do not affect the shape of the curves in the tem- G 2. Resistive transition for the same data of Fig. 1 repre-
perature range above the main pealdp/dT, whose posi-  sented ag,* (see textas a function of temperature. The straight
tion is denoted a3, . This temperature, as shown in Fig. 2, lines are fits to Eq(6) and are labeled by the respective critical
is approximately coincident with the pairing critical tempera- exponents. The irreversibility temperatures for the studied fields are
ture T,. Below Tp, and down to the zero-resistance state,indicated by dots. The irreversibility line is a fit to E).

s
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In EqQ. (4), o=1/p is the measured conductivity and the L I B B e B A A
subtracted regular term is estimated by extrapolating the
high-temperature behavimr,;1=aTnL b, down to the region
of the transition. Plots of, ' as a function off for several
applied fields are shown in Fig. 2. There, one clearly ob-
serves distinctive behaviors in the temperature interval domi-
nated by fluctuations in the normal phase ab®ye(pairing
transitior), and in the region describing the approach to the
zero-resistance stateoherence transition

p (MQ cm)

The main purpose of presenting the data in termg;o’f n
is the study of the asymptotic critical fluctuation regimes. ©
. ' g
Indeed, assuming thato diverges as a power law when the £
temperature approachd@s from above, that is, 0
(=%
Ao~(T=To) ™M, (5) J:

we obtain that L, e

84 86 88 90 92 94 96 98 100
., 1 TEMPERATURE (K)
Xo =1 (T=To). (6)

FIG. 3. (a) Representative resistivity experiments performed ac-
Thus, as in the Kouvel-Fisher metH8dor studying critical cording to the ZFQzero-field-coolegland FCC(field-cooled cool-
phenomena, the identification of a linear temperature regiof!9) Prescriptions. The applied magnetic field is indicaté. Dif-
in X;l allows the simultaneous determinationf and the ference between results in pan@) plotted as a function of
critical exponent\. In Fig. 2, straight-line fits to the(;l temperature.
data are shown.

Above Tp, we observe a power-law regime with the ex- two curves split below a characteristic temperaftiye(H),
ponentng)=0.35i 0.02. This value is consistent with ex- Which marks the onset _of irreversible effects.m the magne-
pectations from the 3D¢Y model® with dynamics given by totransport properties. Figure 3b) shoyvs the difference be-
the modelE of Hohenberg and Halper#%. This model de- tyveen the FCC and ZFC magnetoresistances plotted as func-
scribes the critical dynamics for the superfluid transition infions of temperature. Such plots allow an accurate
helium, where the order parameter has two components arfifteérmination offi,.(H). In the range of studied fields, the
the density is a conserved quantity. The dynamical univerlrr_eversmlhty temperatures so determined are cow_mdgnt
sality class of modeE is also expected to be valid for the With those obtained from ZFC and FCC dc-magnetization
superconducting transition in extreme type-Il systéms. mea_sure_ments. The_ irreversibility temperatures vary with the
Above this genuine critical regime, it is possible to discern@PPlied field according to
intervals dominated by Gaussian fluctuatibhsyhich are
not addressed in this article. H T, (H)

When the temperature is decreased below the deep mini- ( ):[ S
mum whereT, is located, they,* data of Fig. 2 show the Tirr (0)
characteristic behavior of granular samples. Fi;@,l in-
creases steeply, such that its shape is nearly symmetricaiherey=1.48+0.05 andH,=63*2 kOe.
with respect to the high-temperature side of the pairing tran- The experimentally determined;,, (H), which are sig-
sition, until a field-dependent maximum is attained. Thennaled by full circles in Fig. 2, are nearly coincident with the
x, ' decreases to zero &t,,(H) with a curvature that is temperatures of the granular maximumyip®. This behav-
inverted when compared to that observed ab®ye This ior clearly associates the onset of irreversibility effects in our
latter behavior results from the effect of phase fluctuations irgranular superconductor with a threshold that marks the up-
the granular array above the coherence transition, and chaper temperature limit of the paracoherent interval and sepa-
acterizes the so-called paracoherent stadhen the field is  rates single grain from collective grain responses in the fluc-
increased, the width of the paracoherent fluctuation intervaiuation conductivity.
is correspondingly enlarged. Rather interesting is the behavior of ! just above

Two power-law regimes with field-independent exponentsT;,, (H) and up to the deep minimum where the pairing tem-
are identified in the paracoherent region pjl. Farther  perature is located. In this temperature ramg‘é is approxi-
from T.,, and just below the granularity-induced maximum mately symmetrical with respect to the behavior observed in
in x,, we obtain the exponent?=0.53+0.03. The iden- the normal phase just aboile . Indeed, as shown in Fig. 2,
tification of this regime becomes clearer when the field isin a certain region of this intervaf, * may be fitted to a
increased above 20 Oe. Also evident is the asymptotic restraight line asy,*=(1/\")(T, —T), whereT_ is nearly
gime nearT.,(H), which is characterized by the exponent coincident with T, and A~ =0.3. This suggests an unex-
A 9=42+0.2. pected symmetry of the fluctuation-conductivity divergence

Figure 3a) shows an example of magnetoresistance meaaroundT.. We note, however, that neither the regime
surements performed in the ZFC and FCC conditions. Th&or the coherence transition have been identified in single

y

: )
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crystal sample& so that the ~ regime might be related to 60 . . . . . .
finite-size effects in isolated grains of the ceramic HTSC @
samples. 50 p R e ]
X He 2008
-§ % H= 50 Oe
> 401 Hezo0 00 1
IV. DISCUSSION KRl % e
A. Pairing transition |L° 30 L <:.:J
The critical exponent for fluctuation conductivity is given »&
by 1 20F
A=v(2+z—d+7), (8) 10| M
wherev is the critical exponent for the coherence lengtls, 0L— s R . .
the dynamical critical exponend,is the dimensionality, and 00 01 02 03 04 05 06 07 08
7y is the exponent of the order-parameter correlation func- (T-T (T T,)
tion.
When the temperature approaches close enough,tthe FIG. 4. Scaling of the fluctuation magnetoconductivity results of

critical thermodynamics of the superconducting transition ig™ig. 2 betweeril, and T, in accordance to Eq12).

well described by the 3D¢Y universality class® According _ _ _ _
to renormalization-group calculatioh$,in this case one that the dynamical universality class of the coherence transi-

would expecty =0.67 and»=0.03. On the other hand, the tion in 'ghe presence of a smgll magnetic field is closer to that

theory of dynamical critical scalif§? predicts thaz=3/2  Of @ spin glass, where one indeed expecrs=4. )

for the superconducting transition. Substituting these values Farther fromT;,, and just below the maximum ig, ",

in Eq. (8), one obtains\=0.35, in agreement with our ex- the regime described by the exponaff'=0.5 is likely due

perimental finding for the asymptotic fluctuation regime pre-to three-dimensional Gaussian fluctuations. Using the mean-

cursor to the pairing transition, as shown in Fig. 2. Thisfield valuesv=0.5, »=0, andz=2 in Eq. (8), one repro-

regime is observed in the whole range of applied fields andluces the measured value Dg). We notice that this is

extends up to 0.85 K abovE,.. probably the first identification of a Gaussian regime corre-

sponding to a vortex-glass-like transition. Such fluctuations

were searched for unsuccessfully in -V experiments in

YBCO thin films?® It is also interesting to note that the
The power law behavior of the conductivity, characterizedfiyctuation spectrum is isotropic in the whole paracoherent

by the exponenh!Y=4.2, which governs the approach to interval, in spite of the strong planar anisotropy of the intra-

the zero-resistance stateTa,, is interpreted as an effect of grain superconductivity.

genuine critical fluctuations precursory to the coherence tran- The shape of thq;l results of Fig. 2 in the paracoherent

sition. In contrast to the critical regime near the pairing tl’an-region Strong|y suggests that the whole measurements may

sition, the asymptotic critical interval in the paracoherentpe scaled into a single curve.

state extends to several K and enlarges when the field mag- The scaling behavior proposed for the fluctuation conduc-

nitude is increased. This is indeed suggestive of a percolaivity close to a vortex-glass transition is given?By

tionlike transition associated to the connective nature of the

granular array in ceramic HTSC's. In this c&3as well as

in other disordered and frustrated systéfmthe critical ex- A~H Y22tz dg,

ponent for the correlation length is found tode 4/3. From

Eq. (8), where we putd=3 and assume=0, the conduc- \yhere s,=(T—T,,)/Tco, and S. are scaling functions
tivity exponenti(9=4.2 corresponds ta=4.1. above and below ., respectively.

The whole picture emerging from our experiments is con-  Assuming, following Fisheet al,*° that
sistent with results obtainétifrom I-V isothermal measure-
ments in polycrystalline YB&Zu0,_s (YBCO), and agrees [Te— Teo(H)]~HYZ (10)
with conclusions of a recent Monte Carlo study by Wengen . : : . .
and Young?* based on the 3D¢Y phase-glass Hamiltonian and using the scaling variable introduced bytKer et a
of EqQ. (1). These authors found that in both the gauge-glass
(disorder introduced by a random distribution in the gauge = '
factors Aj;) and chiral-glasgdisorder due to random sign Te—Teo(H)
distribution in the bondd;;) versions of the model based on |« gerive that
Eq. (1), the critical exponents are=1.3 andz=3.1. Ac-
cording to Eq.(8), this yields a conductivity exponemﬁ)
=3. This value has been found in several experiments per- NS+ (D) =Xo[Te= Teo(H)] (12
formed in zero applied fieltf132>2°However, in the pres-
ence of a small field or when the width of the paracoherenin the fluctuation region above the coherence transition and
critical interval is large enough, the asymptotic conductivitybelow the pairing transition. Figure 4 shows a plot of
regime generally corresponds x¢%=4 132 This indicates  x,[Tc— Tco(H)] Vs 7 determined from the results presented

B. Coherence transition

€0

: (€)

H 1/2v

|.,3l

T_Tco(H) (11)
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in Fig. 2. Good scaling is indeed obtained in most of thetuation regime, witlte=3/2, is clearly identified. This regime
range[0,1] for the variabler. Deviations occur close to the extends up to 0.85 K aboVvE,, and is robust against mag-
high-temperature end because of the steep variatiqn;éf netic fields applied parallel to the current in the range 0—500
above the irreversibility line in Fig. 2, where data scale rathefOe.

with T, as discussed in the last paragraph of Sec. Ill. The genuine superconducting state with zero-resistance
stabilizes at the coherence transition that occurs at a lower
C. Irreversibility line temperaturel;,, where a long-range-ordered state for the

) ) , ) phase of the order parameter is established in the whole
__The de Almeida-Thouless-like behavior of the irrevers-g.ojar array. The approach to the zero-resistance state is
ibility line in our granular HTSC at low applied fields may q,minated by strong fluctuations of the phase of the order
be explained by the phase-glass model of @9,. The coin-  arameter of individual grains. Extended power law regimes
cidence of the_'”‘i\gerS_'b"'tY temperature at a given field with .o eqphonding to 3D-Gaussian and critical fluctuations are
the maximum iny,, ~, signaling the high-temperature limit of ;jenified in the magnetoconductivity experiments. The ob-
the paracoherent fluctuation interval, is a clear indication thagyineq exponent in the asymptotic critical regime indicates
the onset of irreversibility effects is a threshold separatingpat the static and dynamic universality classes for the coher-
single-grain fr(_)m collective-grain behavior. The Hamlltomen ence transition is that of the 3RY model described by the
of Eq. (1) predicts that when loops of weakly coupled grainsphase-glass Hamiltonian of EGl), where the disorder is
are formed, frustration may occur since the coupling energiegontrivial (accompanied by frustrationand critically rel-
between all pairs of grains cannot be simultaneously minizyant. A scaling analysis of the conductivity in the interval
mIZ%C,; in the presence of the random gauge factorgenyeent,, and T, shows that the coherence transition in
Ajj.>" As a consequence, the state of a small aggregate of,r homogeneously granular superconductor fits into the
interacting grains becomes hlgh[y degenerate wnh Manynore general framework of the vortex-glass theory.
nearly equivalent low-energy configurations. Irreversible ef- Magnetoconductivity measurements performed according
fects occur when the system evolves through the ruggegh he ZFC and FCC prescriptions allowed the determination
landscape characteristic of the phase space in disordered agflihe jrreversibility line. The locus of this line lies clearly
frustrated system8 Thus, the irreversibility line at low fields above the zero-resistance temperatures and coincides ap-
in granular su_perconductors is a consequence of th_e Stab”broximately with the high-temperature limit for the fluctua-
zation of relatively small aggregates of coupled grains, angjon region above the coherence transition. This indicates
do not represent necessarily a phase transition. In othghat the low-field irreversibility line in granular supercon-
terms, the irreversibility line is related to the onset of short-qyctors is a threshold separating single-grain from collective-
range ordering, in contrast to the percolationlike coherencgain pehavior and is related to the formation of small clus-

transition that is achieved when édeally) infinite cluster of  tars with closed loops of Josephson-coupled grains.
coupled grains is formed in the sample.
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