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Electrical resistance under pressure in textured Bi2Sr2CaCu2O81y :
Enhancement of the energy gap and thermodynamic fluctuations

Q. Wang, G. A. Saunders, H. J. Liu, M. S. Acres, and D. P. Almond
Schools of Physics and Materials Science, University of Bath, Claverton Down, Bath BA2 7AY, United Kingdom

~Received 3 September 1996!

The effects of hydrostatic pressure up to 1 GPa on theab-plane electrical resistance of textured
Bi2Sr2CaCu2O81y have been measured. Use of the Ambegaokar-Halperin~AH! model to examine the pressure
effects on weak links across grain boundary leads to a value of 0.1260.02 GPa21 for the pressure derivative
d@ lnDj(0)#/dP of the energy gapD j (0) at junctions formed by grains;D j (0) for Bi2Sr2CaCu2O81y is about 10
times smaller than that of YBa2Cu3O72d . The thermodynamic fluctuations of the superconducting order
parameter have a two-dimensional character aboveTc and below 115 K. Applying hydrostatic pressure en-
hances the thermodynamic fluctuations: creation of the superconducting quasiparticles well aboveTc is en-
hanced under pressure. As pressure is increased, the characteristic thicknessd of the two-dimensional system
decreases nonlinearly by about 20% up to 0.71 GPa. The pressure derivativesdTc /dP of the superconducting
transition temperatureTc have been determined as 1.660.3 KGPa21, 1.860.2 KGPa21, and 3.060.2
KGPa21 at the onset, midpoint, and offset of theR-T curve, respectively. Thermodynamic fluctuations affect
dTc /dP at onset. The large value ofdTc /dP at offset is due to the influence of the weak links at grain
boundaries. A value of21.4 is obtained for d lnTc /d lnV, which, like that for monocrystalline
Bi2.2~Sr,Ca!2.8Cu2O81y , falls between those predicted by the BCS and the resonating valence-bond theories. In
the normal stated lnrab /dP is 28.4%60.2 GPa21 at 293 K andd lnRab /d lnV is 2.0160.06. The pressure
derivatived lnRab /dP of the normal-state resistance of textured Bi2Sr2CaCu2O81y shows a temperature de-
pendence, which is affected by applied pressure and thermodynamic fluctuations.@S0163-1829~97!01513-0#
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I. INTRODUCTION

We have recently reported1 a detailed hydrostatic pressu
investigation of the superconducting phase-transition te
peratureTc and the normal-state resistance of monocrys
line Bi2.2~Sr,Ca!2.8Cu2O81y. However, polycrystalline tex-
tured high-Tc materials are more likely to find industria
applications and these materials have important microst
tural differences that alter their electrical properties sign
cantly from those obtained from measurements of sing
crystal samples. These ceramics, which consist
superconducting grains and contain pores and microcra
exhibit complex behavior associated with these defects, q
different in kind from that of single crystals. This behavior
attributed to thermodynamic fluctuations of the superc
ducting order parameter which affect the electrical resista
characteristics in both normal and superconducting sta
Application of pressure influences these structural defe
especially interactive features across grain boundar
Hence, it is instructive to compare the effects of pressure
the electrical properties of textured ceramics with those
tained for single crystals. A central objective is to investig
effects of pressure on the weak-link properties, which de
mine the transport critical-current densityJc at low magnetic
field in polycrystalline materials,2 a major factor in limiting
the application of high-Tc superconducting materials.

II. EXPERIMENT

The samples of textured Bi2Sr2CaCu2O81y were prepared
at Argonne National Laboratory by the sinter-forgin
method.3 An x-ray-diffractometry study showed that the
550163-1829/97/55~13!/8529~15!/$10.00
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structural characteristics are similar to those obtained on
other very dense textured Bi2Sr2CaCu2O81y sample~Fig. 1
in Ref. 4!. A large proportion of the grains are aligned pre
erentially with theab plane parallel to the top faces of th
sample, while thec axis is perpendicular to these face
along the sinter-forging direction. The electrical resistance
the textured sample was measured using a conventional f
point configuration aligned along the largest sample dim
sion. The major contribution to the measured electrical re
tanceR is Rab in theab plane, corresponding to a resistivit
rab . The methods and procedures used to make elect
contacts and to measure the effects of hydrostatic pressur
the electrical resistance have been described elsewhere1

III. RESULTS

Typical measurements of the temperature dependenc
the electrical resistanceRab at constant pressure are shown
Fig. 1. Excellent agreement was found between the d
measured while decreasing or increasing temperature.
clarity, only those data measured while decreasing temp
ture are included in the figure.

A. Normal state

The room-temperature~293 K! pressure dependence o
the normal-state resistance,Rab , of the textured sample is
shown in Fig. 2, with the corresponding data for the mon
rystalline Bi2.2~Sr,Ca!2.8Cu2O81y.

1 Several pressure cycle
were measured and marked differences were obtained w
increasing and decreasing the pressure, a feature not fo
for monocrystalline Bi2.2~Sr,Ca!2.8Cu2O81y, whose room-
8529 © 1997 The American Physical Society
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FIG. 1. The temperature dependence of t
in-plane electrical resistance of texture
Bi2Sr2CaCu2O81y under selected pressures. Sol
line: P51024 GPa, dashed line:P50.14 GPa,
dotted line: P50.35 GPa, dash-dotted line
P50.53 GPa, dash-double-dotted line:P50.71
GPa. Inset: the deviation from linear behavi
caused by thermodynamic fluctuations of the s
perconducting order parameter at atmosphe
pressure; the arrow indicates the temperature 1
K at which deviation begins.
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temperature resistance was accurately reversible during p
sure cycling. The average pressure depende
d lnRab/dP526.3%60.2 GPa21 of the textured sample is
much smaller than that~225.5%60.2 GPa21! of the single
crystal.

The pressure dependence of the in-plane resistanceRab
from 100 to 290 K is shown in Fig. 3. At 290 K,Rab de-
creases almost linearly with increasing pressure. Be
about 120 K,Rab starts to show an opposite behavior in t
low-pressure region:Rab first increases as pressure is i
creased, and then decreases. This behavior is q
different from that observed in monocrystallin
Bi2.2~Sr,Ca!2.8Cu2O81y for which the pressure dependence
Ra is hardly affected by temperature~Figs. 7 and 8 in Ref.
1!. The temperature dependence of the pressure deriva
es-
ce

w

ite
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ive

d~lnRab!/dP of Rab under selected pressures is plotted
Fig. 4, together with the temperature dependence
d~lnRa!/dP of monocrystalline Bi2.2~Sr,Ca!2.8Cu2O81y ~Ref.
1! at atmospheric pressure. Above about 200 K at press
lower than 0.5 GPa, the pressure derivatived~lnRab!/dP is
almost independent of temperature. At lower temperatu
under a pressure of less than 0.2 GPa,d~lnRab!/dP increases
in good agreement with the expression

S d~ lnRab!

dP D
P50

5A1Be2T/t. ~1!

At atmospheric pressureA520.085 GPa21, B51.819
GPa21, and t544.15 K. The relationship betwee
-
e
e.
1

r

l-
FIG. 2. The pressure depen
dence of the in-plane normal-stat
resistance at room temperatur
Solid triangles: pressure cycle
for textured Bi2Sr2CaCu2O81y;
open circles: pressure cycle 2 fo
Bi2Sr2CaCu2O81y; solid squares:
pressure cycle 2 for monocrysta
line Bi2.2~Sr,Ca!2.8Cu2O81y.
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55 8531ELECTRICAL RESISTANCE UNDER PRESSURE IN . . .
d~lnRab!/dP and temperatureT changes to a linear form
below 0.2 GPa~upright triangleD in Fig. 4!:

S d~ lnRab!

dP D
P50

51.883102222.631024T, ~2!

a very weak temperature dependence. Above 0.2 G
d~lnRab!/dP varies nonlinearly with temperature. This non
linearity is enhanced as pressure increases~Fig. 4!.

The temperature dependence ofRab of textured
Bi2Sr2CaCu2O81y was found to vary with pressure~Fig. 5!,

FIG. 3. The pressure dependence of theab-plane normal-state
resistance at fixed temperatures~a! from 290 to 200 K and~b! from
190 to 100 K.
a,

in contrast to monocrystalline Bi2.2~Sr,Ca!2.8Cu2O81y ~Fig. 3
in Ref. 1!. The temperature derivativedRab/dT for the
normal-state in-plane resistance of textur
Bi2Sr2CaCu2O81y, determined using a linear regression,
plotted in Fig. 6, to show clearly the pressure effects. T
temperature derivativedRab/dT shows parabolic behavio
up to 0.7 GPa.

B. Superconducting state

The pressure dependences of the superconducting tr
tion temperature, employing three commonly used conv
tions, are shown in Fig. 7. The three definitions ofTc are

5,6

the onset, midpoint, and offset, being the temperatures a
50, and 10 % of the normal-state resistanceRN linearly ex-
trapolated to the transition region. The transition widthDTc
then becomesTc~offset!2Tc~onset!. A linear temperature de
pendence is a common feature of the normal-state elect
resistance of optimally doped high-temperature superc
ductors and it is found at higher temperatures, from 290
193 K, in the textured Bi2Sr2CaCu2O81y. The linear extrapo-
lation of this high-temperatureRab leads to transition tem-
peratures at atmospheric pressure ofTc~onset!5108.260.2
K, Tc~mid!589.960.2 K, Tc~offset!582.960.2 K, and
DTc525.360.2 K.

The shapes of theR-T curve vary with pressure~Figs. 2,
5, and 6!, reducing accuracy in determination of the press
effects onTc~onset! andTc~offset!. EachTc value from dif-
ferent definitions increases linearly with pressure.Tc~onset!
has the largest rate of increase, whileTc~mid! has the small-
est. Linear regression of the pressure dependence ofTc gives
dTc

on/dP55.460.7 KGPa21 for Tc~onset!, dTc
mid/dP52.0

60.2 KGPa21 for Tc~mid! anddTc
off/dP53.160.2 KGPa21

for Tc~offset!. The value ofdTc
mid/dP is similar to most re-

sults reported for single-crystalline and polycrystalli
Bi2Sr2CaCu2O81y ~Table II in Ref. 1!, but those of
dTc

on/dP anddTc
off/dP are larger. The pressure derivative

the transition widthDTc is d(DTc)/dP52.260.5 KGPa21.
An alternative approach is to extrapolate the normal-s

resistanceRN immediately above the region where the res
tance drops sharply. At atmospheric pressure theTc values
and their pressure derivatives determined in this way
Tc~onset!596.160.2 K, Tc~mid!589.260.2 K, Tc~offset!
582.560.2 K, andDTc513.760.2 K. The pressure deriva
tive of DTc is d(DTc)/dP521.160.4 KGPa21. This value
of DTc is similar to that reported6 for a Bi-Pb-Sr-Ca-Cu-O
sample with aTc of 90 K. Linear regression of the dat
obtained in this alternative way givesdTc

on/dP51.660.3
KGPa21 for Tc~onset!, dTc

mid/dP51.860.2 KGPa21 for
Tc~mid!, and dTc

off/dP53.060.2 KGPa21 for Tc~offset!.
The value ofdTc

on/dP is compatible to that reported by othe
authors~see Table II in Ref. 1!, implying that the influence
of the rounding effects on the pressure derivativedTc

on/dP
have been reduced. The values ofdTc

mid/dP and dTc
off/dP

are only changed slightly.
Another method used to determineTc is to choose the

temperature at which a cusp, or a maximum, appears in
gradient dR/dT in the transition region.7,8 The transition
temperatureT c

c, with the superscript ‘‘c’’ indicating the cusp
point, determined using this method at atmospheric pres
is 88.760.2 K and its pressure derivativedTc

c/dP52.460.5



he

,

,

8532 55WANG, SAUNDERS, LIU, ACRES, AND ALMOND
FIG. 4. The temperature dependence of t
pressure derivatived lnRab/dP under different
pressures. For textured Bi2Sr2CaCu2O81y, solid
square,P51024 GPa; open circle,P50.1 GPa;
open upper-triangle,P50.2 GPa; open diamond
P50.3 GPa; open down-triangle,P50.4 GPa;
solid circle, P50.5 GPa; solid upper-triangle
P50.6 GPa; solid diamond,P50.7 GPa.
Large solid circles for monocrystalline
Bi2.2~Sr,Ca!2.8Cu2O81y at 1024 GPa. The solid
line shows the fit of linear regression.
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KGPa21, larger than that determined by the method in t
previous paragraph. Yet another approach9 is to takeTc as
the temperature at which a straight line fit of theR-T curve
of the transition range intercepts with the zero-resista
axis. This givesT c

0582.6 K anddTc
0/dP53.460.3 KGPa21

almost the same as those ofTc~offset! anddTc
off/dP given in

the last paragraph. The large value ofdTc
off/dP is caused by

the change in the shape of theR-T curve in the lower part of
the transition region. There is a tail in theR-T curve as the
electrical resistance approaches zero~Fig. 1!. Application of
pressure increases the starting temperature of the tail an
flat part of the tail shifts to higher temperature. Thus,
temperature regionDTc

off corresponding to 10%RN under
different pressures is broadened, which leads to a large v
for dTc

off/dP.
Thus the different methods lead to different values ofTc .

The values ofTc and its pressure derivative, determined
the upper and lower sections of the transition region, can
affected by the shape changes in theR-T curve, which are
caused by nontransition effects. Specifically, the values
Tc~onset! and the pressure derivatives ofTc~onset! and
Tc~offset! are sensitive to the variation of the resistan
curve whilst the values ofTc~mid! ~89.260.2 K! and its
pressure derivativedTc

mid/dP ~1.860.2 KGPa21! are not. Al-
though Tc~mid! ~89.260.2 K! determined for textured
Bi2Sr2CaCu2O81y is similar to that~90.360.2 K! for mono-
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crystalline Bi2.2~Sr,Ca!2.8Cu2O81y,
1 theR-T curve above the

transition range does not show the semiconductorlike beh
ior of the oxygen-deficient single crystal. In view of this an
on the basis of work by Klotz and Schilling,10 textured
Bi2Sr2CaCu2O81y used here can be considered to be sligh
oxygen overdoped.

FIG. 5. Linear part of the in-planeR-T curve of textured
Bi2Sr2CaCu2O81y under selected pressures. Solid squares,P51024

GPa; solid circleP50.14 GPa; upper-triangle,P50.35 GPa; down-
triangle,P50.53 GPa; solid diamond,P50.71 GPa.
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FIG. 6. The pressure depen
dence of the temperature deriva
tive dRab/dT of the in-plane
normal-state resistance in the lin
ear part of theR-T curve for tex-
tured Bi2Sr2CaCu2O81y. The line
shows a parabolic fit.
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IV. DISCUSSION AND ANALYSIS

A. The normal-state resistance

The pressure derivatived lnrab/dP ~528.4%60.2
GPa21! obtained here for textured Bi2Sr2CaCu2O81y is simi-
lar to that ~27.5%! of Bi2Sr2CaCu2O81y crystals.11 Both
these values are smaller than those of monoc
talline Bi2.2~Sr,Ca!2.8Cu2O81y ~225.5% GPa21! and
Bi2Sr2CaCu2O81y ~215.0%! ~Ref. 12! and that ~211%
GPa21! of sintered~BiPb!SrCaCuO.13 Values of28.4 and
212.0% have been found for two Bi2.2Sr1.8CaCu2O81y
single crystals.9

From elementary electron transport theory the volume
rivative d lnr/d lnV of the normal-state resistivity is give
by1
s-

-

d lnr

d lnV
52g1BT

d lnd

dP
2
d lnt

dP S d lnV

dP D 21

52g1BT
d lnd

dP
2

bc

bV
~3!

for T.Q ~the Debye temperature!. Here g is the thermal
Grüneisen parameter,d is the mobile charge carrier density
andbV is the isothermal volume compressibility, the reci
rocal of the bulk modulusBT. The first term represents th
effects from the lattice vibration scattering, the second
effects of the pressure dependence of the mobile charge
rier density, and the third the changes in physical dimensi
under pressure. The value ofd lnrab/d lnV, estimated using
Eq. ~3!, is only 64% of that measured for monocrystallin
-
-

FIG. 7. The pressure depen
dence of the superconducting tran
sition temperature for textured
Bi2Sr2CaCu2O81y. Solid squares,
Tc~onset!; solid triangles,
Tc~mid!; solid circles,Tc~offset!;
solid lines, linear regression fit.
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8534 55WANG, SAUNDERS, LIU, ACRES, AND ALMOND
Bi2.2~Sr,Ca!2.8Cu2O81y whereas for some Bi2Sr2CaCu2O81y
and YBa2Cu3O72x single crystals the calculated values a
close to those determined experimentally.1 The mobile
charge carrier term contributes about 75% of the estima
d lnrab/d lnV for Bi2.2~Sr,Ca!2.8Cu2O81y and YBa2Cu3O72x
single crystals.1 Contributions from the third term are negl
gible for single crystals. Nowd lnrab/d lnV can be obtained
from the measured pressure derivatived lnrab/d lnP, using

d lnrab
d lnV

52BT
d lnrab
dP

. ~4!

For textured Bi2Sr2CaCu2O81y d lnRab/d lnV has been ob-
tained as 2.0160.06, using the isothermal bulk modulu
BT'BS531.9 GPa determined by Saunderset al.14 for very
dense textured Bi2Sr2CaCu2O81y. In general, the elastic
stiffnesses of the high-temperature superconducting cup
ceramics, especially for the bismuth-based materials
small. The elastic stiffnesses of textured Bi2Sr2CaCu2O81y
are substantially smaller than those for monocrystalline m
terial. For single-crystal Bi2212, the bulk modulus is abo
70 GPa; the reduced stiffness of the textured ceramic is
to the microstructural defects including porosity a
granularity.15 The value obtained for d lnRab/d lnV
is much smaller than that~18.6! for monocrystalline
Bi2.2~Sr,Ca!2.8Cu2O81y and those 5.47 and 10.95 estimat
for two Bi2Sr2CaCu2O81y single crystals.1

Taking g51.56,1 d lnd/dP510.8% GPa21,16 BT531.9
GPa, andbc50.021 GPa21 for textured Bi2Sr2CaCu2O81y,
the value ofd lnRah/d lnV calculated using Eq.~3! is 5.89,
much larger than that~2.0160.06! determined for textured
BiSr2CaCu2O81y. If the bulk modulusBT of 70 GPa for
Bi2Sr2CaCu2O81y single crystals is used, Eq.~4! gives 4.41
for d lnRab/d lnV using the experimentally determine
d lnRab/dP, while Eq. ~3! gives d lnRab/d lnV as 10.0.
Hence the small value ofd lnRab/d lnV determined for tex-
tured Bi2Sr2CaCu2O81y cannot be attributed completely t
the small value of its bulk modulusBT. The anomalously
small value of d lnRab/d lnV determined for textured
Bi2Sr2CaCu2O81y indicates that the volume dependence
the normal-stateab-plane resistance due to the lattice vibr
tional scattering and the pressure dependence of the m
charge carrier density are smaller than that for single-cry
material.

The Grüneisen parameterg in Eq. ~3! is defined by
2d lnQ/d lnV, which is proportional to the reciprocal of th
lattice vibrational mean-square amplitudeX2. Henceg is
proportional tod lnX2/d lnV. Part of the reason for the sma
value found ford lnRab/d lnV may lie in a relatively small
change ofX2 under pressure. Ceramic materials cont
pores and microcracks which close under pressure,17–19 re-
ducing the value of the bulk modulus. The thermal Gru¨n-
eisen parameterg can be calculated using

g5
aBS

CPrm
, ~5!

wherea is the volume thermal expansion coefficient,Cp is
the specific heat at constant pressure, andrm is the mass
density. Assuming no significant difference in the ra
a/CP for textured Bi2Sr2CaCu2O81y from that for
Bi2Sr2CaCu2O81y single crystals, substitution of the value
d
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of BS ~31.86 GPa! andrm ~95% of theoretical mass density!
for textured Bi2Sr2CaCu2O81y ~Ref. 6! into Eq. ~5!, gives

geff

g
5
Bt
Srm

s

Bs
Srm

t 50.48, ~6!

takingB s
S as 70 GPa. Here the subscripts represents single

crystal andt textured material. Takingg as 1.56,geff is 0.75
for textured Bi2Sr2CaCu2O81y. If geff is used in Eq.~6! to-
gether withBT531.86 GPa andd lnd/dP510.8% GPa21,
the calculatedd lnRab/d lnV is reduced by 27.5% from 5.89
to 4.27, which is still much larger than that~2.0160.06!
determined from the measuredd lnRab/dP. Hence, it is con-
cluded that this discrepancy is not due to defect struct
alone.

The pressure dependence of the in-plane resistance is
affected by temperature, particularly whenT,200 K ~Fig.
4!. Below 0.4 GPa the pressure derivatived lnRab/dP shows
a small linear increase with decreasing temperature betw
290 to 200 K, while above 0.4 GPa, it has a slight line
decrease. Information about the temperature dependenc
the Grüneisen parameterg is sparse. White20 has calculated
‘‘average values’’ ofg for several high-Tc superconductors
from the experimental data. For the Bi-2:2:1:2 system th
is almost no change ing from 295 K ~g51.2! to 100 K
~g51.3!. The temperature dependence of the Hall coeffici
RH for polycrystalline Bi2Sr2CaCu2O81y shows no signifi-
cant change ofd lnRH/dP with temperature above 120 K.16

Henced lnRab/dP would not be expected to change wi
temperature significantly in the normal state@Eq. ~3!#. How-
ever, our results show that below 200 K, the value
d lnRab/dP changes markedly with temperature and its te
perature dependence also varies with pressure. These v
tions in d lnRab/dP below 200 K are considered to b
caused by the thermodynamic fluctuations of the superc
ducting order parameter and the pressure effects on t
fluctuations.

B. Thermodynamic fluctuations in textured Bi2Sr2CaCu2O81y

1. At ambient pressure

The rounded shape of theR-T curve and the deviation
from linear, metallic behavior aboveTc aroused interest soo
after the discovery of the high-Tc superconductors

7,21–29and
are considered to be caused by thermodynamic fluctuati
intrinsic to superconductors. Due to the short cohere
lengthj of the order parameter and the high values ofTc , the
effects of thermodynamic fluctuations of the supercondu
ing order parameter are particularly pronounced. From st
ies of the temperature dependence of the resistance it
been suggested that the thermodynamic fluctuations in
R-Ba-Cu-O ~R5Y or Ho, etc.! materials are three dimen
sional ~3D! ~Refs. 22–24! but in the Bi-Sr-Ca-Cu-O system
are two dimensional~2D!.7,25,27 A 2D-to-3D crossover in
these two systems has been reported.8,30,31Knowledge of the
effects of pressure on the thermodynamic fluctuations
sparse. A pressure study of the excess conductivity
RBa2Cu3O72d ~R5Y, Yb, Gd, and Er! ceramics up to 1.72
GPa has been made,8 but no explicit conclusion was reporte
about the pressure effects on the thermodynamic fluc
tions. Han, Dai, and Ren6 measured the electrical resistan
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55 8535ELECTRICAL RESISTANCE UNDER PRESSURE IN . . .
of sintered Bi-Pb-Sr-Ca-Cu-O~Tc590 K! under hydrostatic
pressure up to 0.7 GPa and concluded that pressure doe
seem to change the slope of theR-T curve aboveTc . How-
ever, the present results for Bi2Sr2CaCu2O81y ~Fig. 1! pro-
vide a basis for estimation of the pressure effects on
thermodynamic fluctuations.

The excess conductivityDs that causes the reduced res
tance and the rounding of the transition includes two con
butions: Ds5DsAL1DsMT where ~i! DsAL is the direct
Aslamazov-Larkin~AL ! contribution,32 attributed to the su-
perconducting pairs created by fluctuations aboveTc ,

33 and
~ii ! DsMT is the anomalous, Maki-Thompson~MT!
contribution,34–36arising from the pair-breaking interaction
According to the time-dependent Ginzburg-Landau~TDGL!
theory,33 the excess conductivity aboveTc from the AL con-
tribution should follow a power law:

DsAL~«!5C«2x, ~7!

with

C5
e2

16hd
, x51 for 2D, ~8!

C5
e2

32hj',0
, x5

1

2
for 3D. ~9!

Here «[(T2Tc)/Tc is the reduced temperature,x is the
critical exponent related to the dimension of the fluctuatio
C is temperature independent and is inversely proportiona
the coherence lengthj'.0 for 3D fluctuations and to the char
acteristic thicknessd for a 2D system. By using the forma
ism of Schmidt37 based on the TDGL theory, Lawrence an
Doniach38 derived an expression

DsLD5
e2

16hd
«21F11S2j',0

d D 2G21/2

~10!

for the fluctuation-induced in-plane conductivity. For a sm
interlayer coupling parametera5~2j',0/d!2 the fluctuations
are 2D, while for a large one they are 3D. As temperat
decreases and approachesTc the LD approach predicts cross
over of the dimensionality of the fluctuations at a tempe
tureT0,

T05Tc@11~2j',0 /d!2#. ~11!

The indirect~MT! contribution for the 2D fluctuations can b
expressed as32

DsMT
2D5

e2

8hd

1

«2d
lnS «

d D , ~12!

where d[(Tco2Tc)/Tc is the pair-breaking parameter an
Tco corresponds to the critical temperature in the absenc
pair-breaking mechanisms.

A common approach to the analysis of the AL contrib
tion @Eqs. ~7!–~9!# is to extract the slope of a logarithmi
plot of the excess conductivity with respect to«. The results
are sensitive to the value ofTc and can differ substantially

29

because of the uncertainty in the values ofTc determined by
different methods. To avoid this problem, the fitting proc
not

e
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to
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e
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-

dure used here has been performed with respect to temp
tureT, with 290 K as a reference point, rather than«. From
Eq. ~7! it can be shown that

S s290

DsAL
D 1/x5S s290

C D 1/x«52S s290

C D 1/x1S s290

C D 1/x T

Tc
.

~13!

Hence~s290/DsAL!1/x is linear with respect toT. The reduced
excess conductivityDs/s290 is calculated from the experi
mental data asDs/s2905R290/R(T)2R290/RN(T). The back-
ground resistanceRN(T)5a1bT is extrapolated by fitting
the linear part of the measured resistanceR(T) data above
190 K. In Fig. 8~a!, ~s290/Ds!2 ~x51/2! and~s290/Ds! ~x51!
are plotted against temperature up to 140 and 190 K, res
tively, for textured Bi2Sr2CaCu2O81y at atmospheric pres
sure. AboveTc both ~s290/Ds! and ~s290/Ds!2 increase rap-
idly as temperature increases. An enlarged scale@Fig. 8~b!#
~solid line! shows that in the temperature rangeTc15 K to
Tc120 K ~i.e., 94.3–110 K! ~s290/Ds! is linearly dependent
upon temperature; below 94.3 K, closer toTc , there is a
departure from linearity:~s290/Ds! goes below the straigh
line. The linear part in the~s290/Ds!2T curve suggests tha
there is a 2D-AL contribution. However the linear region
the ~s290/Ds!22T from about 94–100 K, Fig. 8~b! ~dotted
line! implies the existence of 3D fluctuations in that tempe
ture range and introduces difficulties in defining the dime
sionality of the fluctuations in the temperature region abo
Tc and below about 100 K. In this situation it is necessary
check the fits; to do this the differences betwe
~s290/DsAL!1/x and the fitted lines are plotted in Fig. 8~c! as a
function of temperature forx51/2 and 1, respectively. The
difference between~s290/Ds! and the fitted line is almos
equal to zero from aboutTc to 115 K: in the region aboveTc
and below 115 K the fluctuations are characterized by t
dimensions. By contrast the difference between~s290/Ds!2

and its fitted line is close to zero only in the small tempe
ture range from about 94 to 100 K in which the 3D mod
also fits. Thus the thermodynamic fluctuations probably h
2D character in the textured material.

The characteristic thicknessd and the mean-field critica
temperatureT c

m can be calculated using Eqs.~13! and ~18!
from the intercept and slope of the linear fit to th
~s290/Ds!2T curve. At atmospheric pressured54.560.2 Å
andT c

m586.060.5 K. It may be noted here thatT c
m is about

3° lower thanTc~mid! but about 3.5° higher thanTc~offset!.
This value ofd is similar to that~'6 Å! determined39 for a
Bi2Sr2CaCu2O81y single crystal, using the 2D-AL approach
If the fluctuations from 94 to 100 K are assumed to have
character, as the linearity of~s290/Ds!2 with temperatureT
might suggest, the zero-coherence lengthj',0 estimated us-
ing Eqs. ~12! and ~16! is 1.260.1 Å, close to those deter
mined for polycrystalline Bi2Sr2CaCu2O81y ~1.46 Å!,31

Bi2Sr2Ca2Cu3O101y ~1.3 Å!,40 and Bi2Sr2CaCu2O81y ~1 Å
for the extrapolatedj',0!.

41,42

To ascertain whether there is a dimensional crossove
the fluctuations in textured Bi2Sr2CaCu2O81y, the LD ap-
proach has been used by fitting Eq.~10! to the reduced ex-
cess conductivity~Ds/s290!. A crossover temperature o
To596.160.4 K ~at atmospheric pressure! is obtained, which
is about 7 K higher thanTc~mid! and about 4 K lower than
the starting temperature of the linear part of t
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~s290/Ds!22T curve. The characteristic thicknessd and the
zero-coherence lengthj',0, determined by fitting Eq.~10!,
are, respectively, 4.860.2 Å, close to that~4.560.2 Å! ob-
tained from the linear fit to~s290/Ds!, and 0.6760.03 Å,
smaller than that obtained by using the 3D-AL approac
Recently, Hussyet al.43 have estimatedj',0,0.5 Å for
Bi2Sr2CaCu2O81y. The behavior of~s290/Ds! with tempera-
ture, expected from the LD approach, calculated taking t

FIG. 8. The temperature dependence of~s290/Ds!1/x in the ab
plane for textured Bi2Sr2CaCu2O81y at atmospheric pressure.~a!
For T up to 190 K. Solid squares, the data forx51; solid circles,
the data for x51/2. ~b! The linear fitting for ~s290/Ds!- and
~s290/Ds!22T curves. Open squares, the data forx51; open circles,
the data forx51/2. ~c! The difference between~s290/Ds!1/x and
fitted lines forx51/2 ~open squares! andx51 ~solid circles!. The
solid line indicates the zero difference.
.

e

characteristic thicknessd as 4.860.2 Å and the zero-
coherence lengthj',0 as 0.6760.03 Å, is compared with the
experimental data in Fig. 9. The line drawn using the L
approach fits the data well from 90 to 110 K. Crossover fro
2D to 3D is not clearly defined.

To estimate the indirect~MT! contribution to the thermo-
dynamic fluctuations in textured Bi2Sr2CaCu2O81y, Eq. ~12!
and Eq.~2b! quoted by Gauzzi and Pavuna29 have been used
to fit the excess conductivity from 90 to 120 K. The chara
teristic thicknessd obtained is about ten times larger~35–51
Å! than those obtained by using the AL and LD approach
Freitas, Tsuei, and Plaskett22 and Gauzzi and Pavuna29 found
no MT contribution in YBa2Cu3O72d superconductors in a
zero magnetic field. A similar analysis rules out any M
contribution to the thermodynamic fluctuations in textur
Bi2Sr2CaCu2O81y in a zero magnetic field.

Analysis of their data for YBa2Cu3O72d films, led Gauzzi
and Pavuna29,44 to question the validity of the AL and LD
approaches for high-Tc cuprates. They concluded that th
critical exponent does not exhibit any universal behavior
the fluctuation region accessible to their experiments. Us
a generalized AL expression with a short-wavelength cu
approach, Gauzzi45 derived relations for the in-plane exce
conductivity for the 2D and 3D fluctuations. Gauzzi an
Pavuna29,44 found that the 3D equation fitted the excess co
ductivity determined for YBa2Cu3O72d films well. In con-
trast to a consensus that the thermodynamic fluctuation
Bi2Sr2CaCu2O81y are characterized by two-dimensional b
havior, a fit of Gauzzi’s equations to the data obtained h
for textured Bi2Sr2CaCu2O81y indicates failure of the 2D
equation. However there is a good fit to the measured d
from about 120 to 90 K using Gauzzi’s 3D equation~Fig. 9!.
At atmospheric pressure, Gauzzi’s 3D approach leads
j',0'0.4360.05 Å, which is less than those obtained by u
ing the AL ~1.260.1 Å! and LD ~0.6760.03 Å! approaches,
but agrees with the estimate by Hussyet al.43

2. Effect of pressure

Application of pressure is found to have a strong infl
ence on the thermodynamic fluctuations in textur
Bi2Sr2CaCu2O81y. The relative change d~Ds/s290!P/
~Ds/s290!P50 in the reduced excess conductivity is plotted
Fig. 10 as a function of pressure for selected values of«.
There is a minimum at about 0.23 GPa. Well aboveTc ,
d~Ds/s290!/~Ds/s290!P50 increases almost linearly with in
creasing pressure whenP.0.23 GPa. The changes i
Ds/s290 caused by applying pressure are reduced asT ap-
proachesTc ~ln« becomes more negative!. When ln«.21,
the reduced excess conductivityDs/s290 increases by abou
20% at 0.71 GPa. In the context of the AL contribution to t
thermodynamic fluctuations, this means that applying pr
sure enhances the creation of the fluctuation superconduc
quasiparticles well aboveTc resulting in a larger excess con
ductivity and the change in the shape of theR-T curve under
pressure~Fig. 1!. The pressure dependences of the charac
istic thicknessd, obtained from the 2D-AL and LD ap
proaches, are plotted in Fig. 11~a!. Both methods show simi-
lar behavior ford: a nonlinear pressure dependence with
maximum at about 0.23 GPa corresponding to the minim
in d~Ds/s290!/~Ds/s290!P50 ~Fig. 10!. Therefore, the pres
sure derivative ofd changes with respect to pressure: 4
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FIG. 9. Fits of the LD~solid
line! and Gauzzi’s 3D ~dashed
line! approaches to the experimen
tal ~s290/Ds!2T ~open squares!.
flu
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n
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-
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riva-
60.9 and 2.660.8 Å GPa1 at 0 GPa from the AL and LD
approaches, respectively and at 0.71 GPa28.460.9 and
23.060.8 Å GPa21. Hence, in textured Bi2Sr2CaCu2O81y
application of pressure appears to have a significant in
ence on the characteristic thicknessd. According to the
2D-AL approach@Eqs.~10! and~11!#, the excess conductiv
ity Ds is proportional to the reciprocal ofd: when d in-
creases with pressure, the reduced excess conduc
Ds/s290 decreases. Sinced decreases with pressure,Ds/s290
increases. The 2D fluctuations are pressure dependent.

If the 3D fluctuations are assumed to exist between 94
100 K, the pressure dependence of the zero-coherence le
j',0 can be obtained by using the 3D-AL, LD, and 3D
Gauzzi approaches, giving the results in Fig. 11~b!. Applica-
-

ity

d
gth

tion of pressure induces smaller changes onj',0 than ond.
The 3D-AL approach indicates thatj',0 decreases as pres
sure increases while on the basis of the LD and 3D-Gau
approaches it remains almost constant; the pressure de
tive (dj',0/dP)P50 is 20.360.1 Å GPa21 ~AL !, 0.0160.02
Å GPa21 ~LD!, and 0.0960.03 Å GPa21: possible 3D fluc-
tuations are almost independent of pressure.

3. Pressure effects on the superconducting
transition temperature

The pressure derivativedTc
mid/dP of the superconducting

transition temperatureTc~mid! ~589.260.2 K at 1024 GPa!
has been determined as 1.860.2 K GPa21 for textured
-
e

-

,

FIG. 10. Pressure depen
dence of the relative chang
d~Ds/s290!/~Ds/s290!P50 in re-
duced excess conductivity
Ds/s290 at selected reduced
temperatures ln« „[ln[(T2Tc)/
Tc] …. Solid squares, ln«50; solid
circles, ln«520.5; solid upper-
triangles, ln«521; open down-
triangles, ln«521.5; solid dia-
monds, ln«522; 1, ln«522.5;
3, ln«523; barred-open circles
ln«524.
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FIG. 11. The pressure depen
dence of ~a! the characteristic
thickness d for 2D system ob-
tained from the 2D-AL approach
~solid squares! and the LD ap-
proach ~solid circles!, respec-
tively, and ~b! the zero-coherence
length j'0 determined by using
the 3D-AL approach ~solid
squares!, the LD approach~solid
circles!, and the 3D-Gauzzi ap-
proach ~solid triangles!, for tex-
tured Bi2Sr2CaCu2O81y. The lines
are visual guides.
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Bi2Sr2CaCu2O81y in the range~1.3–2.4 K GPa21! found for
most Bi-2:2:1:2 superconductors with an applied pressur
less than 2 GPa~see Table II in Ref. 1! irrespective of the
sample morphology~i.e., single crystal, sintered, or texture!
and quality. This implies that in polycrystalline materia
dTc/dP is mainly determined by the intra-granular superco
ducting state. To compare the experimental results with th
retical predictions, it is necessary to transform the press
derivative dTc/dP of the superconducting transitions tem
peratureTc into the volume derivative using

d lnTc
d lnV

52
BT

Tc

dTc
dP

. ~14!
of

-
o-
re

To determined lnTc/d lnV, a parameter intrinsic to a supe
conductor, the value ofBT for a single crystal should be
used. Using BT570 GPa for Bi2Sr2CaCu2O81y single
crystals,14 and the values forTc~mid! and dTc

mid/dP, gives
d lnTc/d lnV for textured Bi2Sr2CaCu2O81y as21.4: close
to that ~21.5! for monocrystalline Bi2.2~Sr,Ca!2.8Cu2O81y.
The pressure-induced increase inTc has been attributed to
the volume dependence of the electron-phonon interac
parameterh in the BCS theory or to the volume dependen
of the width of the electron band for a 2D square lattice.1,46

The value ~21.4! of d lnTc/d lnV obtained here for
Bi2Sr2CaCu2O81y falls between those predicted by the BC
~21! and the RVB~22! theories,46 as found previously for
monocrystalline Bi2.2~Sr,Ca!2.8Cu2O81y.

1
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FIG. 12. Comparison of
the R-T curves of textured
Bi2Sr2CaCu2O81y ~solid lines!
with those of monocrystalline
Bi2.2~Sr,Ca!2.8Cu2O81y ~dotted
lines! at 1024 and 0.71 GPa re-
spectively. Dashed lines show th
linear regression made for dete
mination ofTd .
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C. Pressure effects on the weak links
between grain boundaries

Thermodynamic fluctuations are not the sole reason
broadening of the resistive transition in a polycrystalline
perconductor; other mechanisms which could cause
broadening include thermally activated flux creep and qu
tum tunnelling.47 The ‘‘tail structure’’ in theR-T or I -V
curves in the superconducting transition region is a cha
teristic of both conventional and high-Tc superconducting
materials comprised of grains, such as polycrystalline b
samples, films and bicrystals.47–50 Tail structures also occu
in Josephson junctions made from high-Tc superconductors

51

and have been attributed to weak links at the gr
boundaries.2

Information about pressure effects on the weak-link
havior of textured Bi2Sr2CaCu2O81y is now obtained. The
R-T curves below 100 K for textured Bi2Sr2CaCu2O81y and
monocrystalline Bi2.2~Sr,Ca!2.8Cu2O81y at atmospheric pres
sure and 0.7 GPa are plotted in Fig. 12. The resistanc
both materials drops abruptly at the superconducting tra
tion at almost the same temperature. But there are long
in theR-T curves for the textured sample. To quantify t
spread of the tailing effects, a temperatureTd indicating the
departure from the linear behavior in the superconduc
transition region is defined. A linear regression, return
with a relative coefficient better than 0.999, is made in
straight line part of the transition region~dashed lines in Fig.
12!. At Td the intragranular resistance reaches zero and
grain-boundary resistance provides the main contribution
atmospheric pressureTd is determined as 86.060.5 K,
higher than Tc~offset! ~82.5 K! determined in Sec. II
Tc~offset!; its pressure derivative is affected by the tai
pressure dependence.

The resistance tail belowTd has been attributed to th
thermal noise in the dc Josephson effect,52 i.e., the thermally
activated phase slippage in the Josephson effect.51,52 The
grain boundaries can be likened phenomenologically to
r
-
e
n-

c-

lk

n

-

of
i-
ils

g
d
e

e
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ther a sheath of dirty metal or a layer of insulator.51,53 The
bonded superconducting grains could form superconduc
insulator-superconductor (S-I -S) junctions or supercon-
ductor-~normal metal!-superconductor (S-N-S) junctions.
WhenT approachesTc from low temperatures, the couplin
between the phases of the superconducting order param
of two superconductors forming a Josephson junction is th
mally disrupted and the phase difference between the
superconductors slips.51,52 A nonzero time-averaged voltag
proportional to the phase-slip rate results; that correspond
to phase slippage of 2p is given by52

V̄5
pwh

e
, ~15!

wherew21 is the average time for a phase slippage of 2p.
For high-Tc superconductors the thermally activated pha
slippage is present over a rather wide temperature range
low Tc ~Ref. 51! due to the depression of the order parame
at the grain boundaries, which is caused by the short co
ence lengthj~0!.54 Therefore a resistanceRp is produced
across the Josephson junction by the phase slippage.
ratio ofRp to the normal-state resistanceRjn of the junction
is given in the Ambegaokar-Halperin~AH! model52 by

Rp

Rjn
5F I 0S g0

2 D G22

. ~16!

Here I 0 is a modified Bessel function and

gn}I c~T! ~17!

is the normalized barrier height for the thermally activat
phase slip, withI c(T) being the critical current. Assuming
that I c(T)}(12T/Tc)

n ~Ref. 51! then

g05DS 12
T

Tc
D n. ~18!
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FIG. 13. The reduced tempera
ture (T/Tc) dependence of the
normalized resistanceRp/Rjn in
the tail region for textured
Bi2Sr2CaCu2O81y. Squares, the
measured data; lines, AH-mode
fits with different values for the
parameterD. ~a! P51024 GPa.
Dashed line,D5300; solid line,
D5400; dotted line,D5500. ~b!
P50.71 GPa. Dashed line
D5400; solid line,D5500; dot-
ted line,D5550.
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Fits of Eq. ~16! to the normalized resistanceRp/Rjn mea-
sured under selected pressures, withD andn being the free
parameters, are shown in Fig. 13: the fitted lines have b
calculated withn52 andTc determined at each pressure~see
Sec. II!. TheTc values used to determine the best value ofD
for the selected pressures are presented in Table I, toge
with the phase slippage starting temperatureTd . According
to the theory for granular superconductors, a value of 2
the exponentn would correspond to anS-N-S junction.55,56

However, the nature of a Josephson junction in high-Tc su-
perconductors is still controversial. According to th
Ambegaokar-Baratoff~AB! theory, the critical current den
sity j c}(12T/Tc) for a S-I -S junction, while for aS-N-S
junction j c}(12T/Tc)

2.56–58 In studies of the transpor
properties of high-Tc granular tapes, Okada, Tanaka, a
en

her

r

Kamo59 observed that the temperature dependence of
critical current densityj c of a Bi2Sr2CaCu2O81y tape with a
silver sheath obeyed the granularS-N-S theory. However,
analysis of the critical current density in granular Bi~Pb!-Ca-
Sr-Cu-O films indicatedS-I -S–type behavior for the 2:2:1:2
phase but S-N-S type for the 2:2:3:2 phase; fo
YBa2Cu3O72d films that the junction type could beS-I -S or
S-N-S depending on the manufacturing procedure56

Deutscher and Mu¨ller54 noted that in high-Tc superconduct-
ors the short coherence lengthj~0! causes the superconduc
ing order parameter to be depressed at the interface and
face, and that at temperatures close toTc the decay length of
the superconducting wave function in both the insulating a
the normal metallic regions is of the order ofj~0!. As a result
j c}(12T/Tc)

2 in both theS-I -S andS-N-S junctions.51
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Considering the energy gap depression in the AB theo
the temperature dependence of the critical currentI c nearTc
can be expressed as51

I c~T!5
pD j

2~0!

4eRjnkBTc
S 12

T

Tc
D 2, ~19!

whereDj ~0! is the energy gap at the interface of the juncti
atT50 K. By considering Eqs.~17! and~18! and keeping in
mind thatD is a temperature-independent fitting parame
we may assume

D}
D j
2~0!

RjnTc
. ~20!

Hence a relationship between the pressure derivative of
coefficientD and the energy gap can be derived as

d lnD

dP
52

d lnD j~0!

dP
2
d lnRjn

dP
2
d lnTc
dP

~21!

Therefore, the pressure derivative of the in-planeDj ~0! can
be estimated for textured Bi2Sr2CaCu2O81y. Using the data
for Rjn ~Table I!, d lnRjn/dP has been estimated as 0.08
60.043 GPa21 andd lnD/dP as 0.3160.01 GPa21. Substi-
tution of these values and 0.0260.01 GPa21 for
d lnTc

mid/dP into Eq. ~21! yields d lnD j (0)/dP50.1260.02
GPa21, showing how the width of the in-plane energy gap
the interface of the junction increases with increasing pr
sure. This accounts for the shift of the tail structure in t
R-T curve under pressure. With a wider energy gap the b
rier height for the thermally activated phase slip is high
Since a higher thermal energy is required for the phase
to occur, the resistanceRp produced by the phase slippage
temperatures belowTd decreases with increasing pressu
The resistance tail shifts to higher temperatures accordin
This is the reason why the pressure derivativedTc

off/dP of
textured Bi2Sr2CaCu2O81y is larger than that of monocrys
talline Bi2.2~Sr,Ca!2.8Cu2O81y. The decrease inRp results in
an increase in critical current between the grains. He
grain-boundary linkage is enhanced by pressure. A relat
ship obtained51 from the AH model and the AB expressio
@Eq. ~22!#,

DT

Tc
}
kBTcARjn

2D j~0!
~22!

can be used to check the assumptions used to obtain
~21!; DT is the superconducting transition width. Using E
~22! it can be shown that

d lnD j~0!

dP
5
1

2

d lnRjn

dP
12

d lnTc
dP

2
d lnDT

dP
. ~23!

In this workd lnDT/dP50.0860.03 GPa21 is obtained from
the pressure dependence ofDTc~mid!. From Eq.~23! and the
results ford lnTc

mid/dP and d lnRjn/dP, we have obtained
d lnD j (0)/dP'0.0860.05 GPa21, in reasonable accord with
the value~0.1260.05 GPa21! obtained using Eq.~21!.

The values~400–500! of the coefficientD determined for
textured Bi2Sr2CaCu2O81y are smaller than those determine
for YBa2Cu3O72d materials. The study of a YBa2Cu3O72d
grain-boundary Josephson junction provided a value of 1
y,
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for D.51 From work on transport properties of epitaxi
YBa2Cu3O72d films, Friedl et al.60 obtained 800 forD.
Wang50 quoted aD of 1550 obtained from work on a
YBa2Cu3O72d bicrystal Josephson junction. Equation~20!
indicates thatD is proportional toD j

2~0! and the reciprocal
of the productRjn andTc . In the present work, the value o
Tc used is similar to those of the YBa2Cu3O72d materials,
while that ofRjn ~'15 mV at atmospheric pressure! is much
smaller than those ~1–7.5V! of the YBa2Cu3O72d
materials.50 This implies that the value ofDj ~0! for
Bi2Sr2CaCu2O81y is 10 times smaller than that o
YBa2Cu3O72d.

V. CONCLUSIONS

Measurements of the pressure dependence of the in-p
normal-state resistance of a textured Bi2Sr2CaCu2O81y
high-Tc superconductor have been made and compa
with those previously reported for monocrystallin
Bi2.2~Sr,Ca!2.8Cu2O81y.

1 While a number of properties ar
common to both types of material, others are characteris
of the granularity of polycrystalline superconductors.

~1! The pressure derivatived lnrab/dP of the normal-
state in-plane resistivity of textured Bi2Sr2CaCu2O81y
is 28.4%60.2 GPa21, similar to that reported for
some Bi2Sr2CaCu2O81y single crystals but much small
er than that ~225.5%60.2 GPa21! of monocrystal-
line Bi2.2~Sr,Ca!2.8Cu2O81y.

1 The volume derivative
d lnRab/d lnV of the normal-state resistance of textur
Bi2Sr2CaCu2O81y ~2.0160.06! is much smaller than that fo
Bi2Sr2CaCu2O81y single crystals. Part of the reason for th
small value is that the pores or cracks in this ceramic ma
rial reduce the influence of pressure on the mean-square
tice vibrational amplitudeX2, and therefore reduce the effec
tive Grüneisen parametergeff .

~2! A temperature dependence ofd lnRab/dP found for
textured Bi2Sr2CaCu2O81y alone, especially below 200 K, i
caused by thermodynamic fluctuations of the supercond
ing order parameter and is affected by pressure~Fig. 4!.

~3! The temperature derivatived lnRab/dT extracted from
the linear part of theR-T curve between 190 and 290 K i
pressure dependent and has a minimum at 0.4 GPa.

~4! The pressure derivativesdTc/dP of the superconduct-
ing transition temperatureTc are determined as 1.660.3, 1.8
60.2, and 3.060.2 K GPa21 at the onset, midpoint, and off
set of theR-T curve in the transition region, respectivel
For textured Bi2Sr2CaCu2O81y, thermodynamic fluctuations
influence the pressure dependence ofTc~onset!. The pressure
dependence ofTc~offset! is affected by weak links acros
grain boundaries whilst the pressure derivative ofTc~mid! is
unaffected by these effects. The pressure deriva
dTc

mid/dP falls in the range measured for most Bi-2:2:1
superconductors: in polycrystalline materialsdTc/dP is
mainly determined by the intragranular superconduct
state, and its value is unaffected by the interactions betw
grain boundaries under pressure.

~5! A value of 21.4 has been obtained for the volum
derivatived lnTc/d lnV of textured Bi2Sr2CaCu2O81y. This
result confirms the previous finding1 that the value of
d lnTc/d lnV for Bi2Sr2CaCu2O81y is between the values
predicted by the BCS~21! and the RVB~22! theories.
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~6! The effects of hydrostatic pressure on thermodyna
fluctuations of the superconducting parameter of textu
Bi2Sr2CaCu2O81y have been investigated. An analysis bas
on the AL approach shows that the fluctuations have tw
dimensional character betweenTc and 115 K. However,
there is an ambiguity in the dimensionality from 94 to 100
which may caused by the inhomogeneities or disorder of
textured material. Applying hydrostatic pressure enhan
the thermodynamic fluctuations. At temperatures wh
ln«.21 the reduced excess conductivityDs~«!/s290 in-
creases by about 20% at 0.71 GPa. As pressure is incre
the characteristic thicknessd of the 2D system changes non
linearly. The value ofd is reduced by about 20% at a pre
sure of 0.71 GPa.

~7! Study of the effects of weak links across the gra

TABLE I. The values of the parameters used to determine
coefficientD in Eq. ~15! at selected pressures.Td is the temperature
at which the weak-link effects commence.Rjn is the normal-state
resistance of the junctions across grain boundaries.

P ~GPa!
Tc~mid!

~60.2 K! D ~610! Td ~60.5 K! Rjn ~60.05 mV!

1024 89.2 400 86.0 14.73
0.35 89.6 450 86.6 14.58
0.53 89.8 470 86.9 14.50
0.71 90.4 500 87.5 13.71
an

p-

n
tt

tt.

C

R.
o

i,

a
y

ic
d
d
-

,
e
s
n

sed

boundaries on the resistance in textured Bi2Sr2CaCu2O81y
shows that the Ambegaokar-Halperin~AH! model fits the
reduced temperature dependence of the normalized r
tanceRp/Rjn in the tail region of theR-T curve. The junc-
tions formed by the superconducting grains and grain bou
aries are S-N-S–like with I c(T)}(1-T/Tc)

2. Under
hydrostatic pressure the temperatureTd , at which a tail
structure in theR-T curve starts, increases and the tail stru
ture shifts to higher temperatures. By using the AH mo
and the Ambegaokar-Baratoff~AB! expression for the criti-
cal current,51 the pressure derivatived lnD j (0)/dP of the
energy gapDj ~0! at grain boundaries has been estimated
0.1260.02 GPa21, i.e., the energy gap increases under pr
sure. Hence under pressure the potential barrier for the t
mally activated phase slip of the superconducting param
between grains gets higher and the resistanceRp produced
by the phase slippage at temperatures belowTd decreases
with increasing pressure, which results in the shift of the
structure. The intergrain critical current increases under p
sure. The value ofDj ~0! for textured Bi2Sr2CaCu2O81y is
about 10 times smaller than that of YBa2Cu3O72d.
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