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The resistive transitiop(T,H) in granular high¥. superconductors is described by a combination of the
effective-medium approximation for anisotropic mixtures with the percolation theory. We found a single
parameter accounting for both the structural anisotropy as well as for the intrinsic resistivity anisotropy of a
single grain. We obtained a diregto fitting parametejsestimate of the superconducting volume fractias
a function of temperature, as well as of the percolation threshplhd of the zero-resisitivity thresholg.

The model describes successfully the experiment@lH) dependence at different relative directions of the

axis, the currentand the magnetic fieldl in Bi,Sr,CaCyOg_, ceramics. We provided estimates for the value

of the Josephson critical current between grains. The latter proves to be strongly suppressed even by weak
magnetic fielddd <750 Oe. This results in the appearance of the field-induced excess resispuityat obeys

the dependence Ap=1+H ,/H, whereH,, is the characteristic field trapped by a single Josephson contact.

DOI: 10.1103/PhysRevB.67.104509 PACS nuniber74.81.Bd, 74.72.Hs, 74.56r

[. INTRODUCTION an interesting numerical comparisaof these models Both
models appear to be quite useful for the description of criti-

The nature of the resistive transitigfH,T) and its rela- cal current in Bi-based ceramics and tapes. However, in
tion to the percolation phenomena in high-superconduct- terms of the resistive transition, these models deal explicitly
ing granular ceramics remain an intriguing subject of inten-with the low-temperature part of th&(T) curve, where all
sive investigations for more than 15 yearsThe problemis  (or almost all of the grains are already superconducting, the
of great importance not only for a better understanding of theesistivity is much less than the normal one and is deter-
transport and magnetic properties of these compounds, bmined exclusively by the Josephson contacts between grains.
also for their applications as superconducting devices, such In this paper we suggest an approach that accounts for the
as cables, magnets, etc. The granular structure of theThigh- interplay between percolation of superconducting currents
ceramics is exhibited by a dispersion of the intrinsic transithrough the weak links and spreading of the resistive transi-
tion temperaturd . among different grains. Therefore within tion due to dispersion of the critical temperat(variation of
the transition region, such a ceramic is a mixture of superd, among different grainsThe latter is usually described by
conducting and normal grainéSN mixture. The problem the effective-medium approximatiqiEMA),*® which proves
one faces is to describe consistently its transport and madge be very useful for the description of SN mixtures®®
netic properties starting from,,se;, Which corresponds to However, EMA by itself is incapable of analyzing the whole
the appearance of the first superconducting dgraiirthe first  resistive transitiop(T), especially its low-temperature part,
deviation of p(T) from its normal behavidr down to T, = whereT approached,. We combine the EMA, generalized
where the resistivity drops to zero. The latter temperature i$or anisotropic mixtures?®’with the theory of percolation
determined by the percolation of the superconducting curef transport currents in SN mixturé&-? These two theories
rents throughout the sample. The transition region can bprove to be mutually complementary and together provide an
quite  wide, e.g., Tonser To=10K in typical effective tool for the analysis of the resistive transition re-
Bi,Sr,CaCyOg_, ceramics. This results not only from a gion in highT, ceramics.
variation of localT. but also from dispersion of the orienta-  The critical current in our approach is determined phe-
tion of grain§ with respect to the external magnetic fi?dd  nomenologically(by the density of channels in the percolat-
from a nonhomogeneous distribution of fields and currents iring spanning cluster Thus we are not “competing” with the
the sample, etc. The challenging problems are determiningrick-wall’ or rail-switctf models whose goal is to describe
the superconducting volume fractidi{T), the Josephson in detail the structure of percolating superconducting cur-
critical current between graink,(T) (here w stands for rents in the low-temperature part of tp€T) curve. Instead,
weak, and other characteristics of the high-ceramics, we analyze the resistivity in the whole temperature region
from the experimentah(H,T) data. starting fromT,,,se;doOwn toTy.

Thus far, several models were introduced in order to de- Using our method we find(T) directly, without any fit-
scribe the percolation of transport current through the netting parameters involved. We emphasize the difference be-
work of Josephson contacts between superconducting grainsyeen the percolation threshofd=f(T,) that manifests to
such as “brick-wall” and “rail-switch”® models(see also the appearance of a superconducting spanning cluster while
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FIG. 1. The transmission electron microscope image of
Bi,Sr,CaCyOg_, ceramics plateletlike morphology. 0.0

p(T,) remains finite, and the zero-resistivity threshdig 50 60 70 80 %0 100 1o
=f(To)=f, that corresponds tp=0. This difference re- temperature (K)

sglts from the fact that at=f, the Spanning cluster is infi- FIG. 2. Experimentally obtained resistivities fidab (p,,) and
nitely “thin” and cannot carry any finite transport current ¢ ||1¢(,.), normalized by the room-temperature resistivity. One
We find that for BjSp,CaCyOg- (BSCCQ ceramics one  can notice thap,, is almost independent of magnetic field Bt
can neglect the difference betweép and f, only for ex- >Ta~92 K, and the same applies f@ at T>T4~75 K.
tremely small currents<1 uA that can hardly be achieved ) )
in experiments. We show that the EMA provides a good demethod as a function of temperature and weak magnetic
scription of the resistive transition & f,, i.e., atTyse  f€lds H<750 Oe, and then analyzed using the magnetic-
>T>T,. At f,<f<f, (i.e, T,>T>T,) the sample should field excess resistance meth%?dThe measurements were
be considered as consisting of the spanning cluster and tif@rried out with the current direction both perpendicular and
data in this region and to estimate the Josephson criticdterformed by a corresponding choice of current and voltage
currentsl,, between grains. We also analyze the effect of thecontacts. Thus the sample position in the cryostat was kept
magnetic field on the transition and prove that small magfixed during the whole set of measurements, ensuring a con-
netic fieldsH<0.1 T affect the system mainly by suppress-Stant thermal contact. We refer to the resistivities obtained
ing 1. with | perp_end|cular to the aX|s(|.e._, in theab plane and

We determine a single parametgthat characterizes the Parallel to it asp,, and p., respectively. The total current
effective anisotropy foff >T,. The latter accounts for both Was! =100 mA for both directions, corresponding to current
the structural anisotropy of BSCCGQarge aspect ratio of densitiesja,=1 Alcn? and j=0.75 Alcnf. The magnetic
sistivity of a single grain. For typical BSCCO ceramics thesethe current for both current directions, so the measurements
two sources of anisotropy largely compensate each othewere carried out in four different configuratiorts. (Ifjab),

thus the resulting effective anisotropy proves to be quitelll[[ab for pap andH|lific, HL(1]c) for p. _ _
modest. In Fig. 2 we show the results for two configurations:

HL (I|ab) andHL (I|c). The temperatur&,,.;that corre-
sponds to the beginning of the transition appears to be dif-
ferent in the two casest22. ~100 K for I]jab and TS, .,
Pellets of BjSL,CaCyOg_, (Ref. 22 were uniaxially —~85—90 K forl|lc. One obtains an even more drastic differ-
compacted at room temperature under the pressure @&nce for zero-resistance temperatuig’~75 K and T§
310 MPa, and then sintered at 860 °C for 100 h. The x-ray=57 K if determined by the conditiorp(To)/p(Tonsed
spectra show the presence of an essentially single-phaselO‘3 atH=0.
Bi,Sr,CaCyOg_,, exhibiting about 87% alignment of the ~ The results for the other two configurations indicate that
platelet grains, with the axis parallel to the direction of the the direction of the magnetic field is practically unimportant.
compaction. The electron microscope image, see Fig. 1In Fig. 3 we compare the field-induced excess resistivity
shows that the grains are of a plateletlike shape, with al\pap(H,T)=[pan(H,T) —pap(H=0,T)] normalized by
average lateral length-to-thickness aspect ratisr,,/r.  pa(T) for H L1 andH||I. Herep),(T) is the extrapolation
~100. Herer,,=10 um andr.=0.1 um are the character- of the linear (norma) part of the p,,(T) curve from T
istic semiaxes of the grains in tleeb plane and along the ~ >100 K down to low temperatures. We see that,,, shows
axis, respectively, if the grains are considered as oblate sphewak dependence on the field direction. Such an effect has
roids. The sample was cut into a parallelepiped of dimenalready been reportédh high-T, ceramics at low magnetic
sions 2.3¢5.8x 1.9 mnt, the latter size is along theaxis.  fieldsH<0.1 T. This rules out the dissipative motion of vor-
Six gold contacts were applied to the sample by sputteringtices as a source for the appearance of the excess resistivity.
The resistivity was measured by the standard four-prob®therwise aH1 | one should obtain a much greatep than

Il. EXPERIMENT: RESULTS AND DISCUSSION
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028 T ! ' T E cal currents on temperature. For such a scenario hgitT)
1 # perpendicular to / M —m—H=800e and p.(T) should significantly depend oH starting from
0241 j ‘9\‘\ —e— 150 0e | ] Tonset @nd one should expect a sudden drop of both resis-
020 ] D, /"v,}} ::: ggg 82 i tivities at Ty,sery Which has not been observed.
o 1 [ [¥ M‘JL —4—  5000e
3 0 TS e, |4 7500e | lIl. ANALYSIS
r\: 0.124 \ A. Effective-medium approximation
2 008 The BiLSL,CaCyO, ceramics are strongly anisotropic
. due to two reasons. First, the normal resistivity of grains
0041 (single crystals is highly anisotropic:p?/ph,=10" (Refs.
000 ] 26-28 at T=50-100 K. Second, there is a large structural
S — : ; ; anisotropy due to the platelet shape of grains. In our sample
50 60 70 80 8o 100 110 the typical aspect ratim of the grains is about 100, see Fig.
@) temperature (K) 1. Thus the anisotropic, self-consistent version of EMA
. . , (Refs. 14,16 and Jthat accounts for both sources of anisot-
0281 ' ' ' ' ' ] ropy should be applied. Since the misorientation of grains in
H parallel to / = H=800e our sample is small, see Fig. 1, thaxes of all the grains are
0.24 —e— 150 0e |+ ' '
] < —A— 25006 assumed to be mutually parallel. The resistivity of the normal
020 1 r “1< —v— 35008 | 4 grains is characterized by a two-component resistivity tensor,
[SH. oo DA pa(T) and pi(T), whereas for superconducting grains,
B ] \ naturally, p=0. The volume fractions of superconducting
~ o012 “ and normal grains ard(T) and 1-f(T), respectively.
3 . Strictly speaking,f depends on the magnetic field as well.
< 0.08 However, for low fieldsH=<750 Oe used in our experiment,
0.04.] the shift of the transition temperature AT (H)
] ~H(dH.,/dT) "%, is negligibly small. Thus one can con-
0.00 siderf to be practically field independent.
—T——— —— 71— The effective resistivities of such a mixtureS{'(T) and
50 60 70 80 90 100 110 eff . . HS
(b) temperature (K) pe (T), are determined by the EMA equatioffs:
FIG. 3. Excess resistivityAp,p(H,T)=pap(H,T) = pap(0,T) ~ _L__f ~ _1_L_2f 1)
[divided by the normal resistivity"(T)] induced by small mag- Pe=m 0 Pabm T

netic fieldsH<750 T at(a) HLI, (b) HJ|I. - . _ . _
wherep.=p¢''/pl andp.,=psy/phy are the normalized ef-

atH|1, since in the latter case the Lorentz force appears onljective resistivities, the depolarization functitr{qpap/pc)
owing to the field and current bending inside the sample!s defined as

Moreover, the measured valuas(H)=0.20-0.25 are too
large when compared to the Bardeen-Stephen ré$attun-
pinned vorticesAp(H)/p"~H/H =102 in our low-field
rangeH=<750 Oe. Similar results hold fakp.. Therefore

1++1—x
1-V1—x

X
L(x)=2(l_x)3/2{ln )—2\/1—x}

we expect that the field dependence of the resistivity for low for x<1, 2)
H results solely from the suppression of the weak lifiks-

sephson contagtdetween the superconducting grafighe 1

weak link mechanism is also supported by the fact that the L(1)= 3 3
upper parts ofp,,(T) and pc(T) for T>T3P~92 K and T

>T~75 K, respectively, are almost field independent. For 1

these high temperatures the share of the Josephson currents ()= X {1_ tanl(\/ﬁ)] for x>1,
in corresponding directions is negligibly smadlince f<1 x—1 VX—1

and most grains are still normal,(T) is weak, etg, and the (4)
resistivity p(T) depends exclusively of(T). The latter, as oo . ~ ~

we see below, cannot be changed by weak magnetic fielo‘%ndq_m pap/ pc - Note tha@ sincé. depends o andp,p,
H<0.1 T. The presence of the field-independent part in thé-dS- (1) form a self-consistency problem and should be
resistive curvep(T) provides a direct proof for the impor- splved numerically. HOW‘%VG“ certain p_roperues O.f the solu-
tance of accounting for the superconducting volume fractior©" dcan be fc_)unld analyucallyr,] namelt) thef SOLUU?]” de-
f(T) and rules out the picture where all the grains undergo £°"%s o @ smg_e .pararrwnem:rt at_ accou_nts "or~ oth struc-
superconducting transition @ipse;, and the further decrease tural (m) and resistive §5/pc) anisotropiesfii) pc(f) and

of p is determined by the dependence of the Josephson critp,(f) vanish simultaneously dt,=1/3 at anyq, i.e., the
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FIG. 4. Squares represent the normalized resistivifies
=p(T)/p"(T) (denoted in the text ap,, for I|ab and asp, for .
llc) at H=0. Triangles show the calculated superconducting vol- = ]
ume fractionf as a function of temperature. Solid triangles are “3
obtained with Eq(5) and the open ones are obtained with a reduced =
expressionf~(1—p.)/(3—2p.), see discussion in the text. The
procedure of determination dfis justified atT>TSb% 75 K. The
nonphysical values obtained férat T<T3’ are indicated with a
dashed line. The dotted line indicates the percolation temperature
T,, which corresponds to the percolation threshije-0.17.

0.1 4

0.01 o

normalized resistivity, p

percolation threshold found for isotropic EMA holds for its
anisotropic generalization as wel(ii) for g>1 we get

pe(f)>pap(f) and vice versafiv) at =1 we get the well- T ————_
known EMA result? p,,=p.=1— 3f; and(v) the supercon- 0 ' ' ' ' ' ' '
ducting volume fractiorf can expressed vip,, andp, as

superconducting volume fraction, f

FIG. 5. Normalized resistivitiep,, and p. (squaresat H=0
plotted in (a) linear and(b) logarithmic scales as functions of the
(5) superconducting volume fractidnThe lines represent the EMA fit

1_50_;ab(1_7)c)
3= pap—2pc obtained by numerical solution of Eqd) at g= 36.

f=

In our casep,,(T) and p.(T) are obtained experimentally,
wheread (T) andq are to be determined. It is important that
f is independent ofy, see Eq.(5), and, therefore, can be
determined from the experimental data directly, without an
fitting procedure. The effective anisotromy includes two

can be adequately described by E¢b, with the best fit
achieved afg= 36 if only the data points withh <0.17 are
considered. At largef=0.17, as we see from Fig(&, and
yespecially from Fig. &) where the logarithmic scale for the

factors:m?=10* and p",/p"=10"%. They largely compen- resistivity data is appliedy,;, starts to drop much faster and
sate each other, and ?hUSC both cégesl andg<1 are, in cannot be approximated with the solution of E¢. at any

principle, possible. In our cagg>1 since we experimentally d- For p the fit is almost perfect for the whole temperature
getp.>pap for all temperatures range. Note that due to mutual compensationnof and
Cc a "

n n ; ; ;
: ~ ~ . _ panl Pc » the effective anisotropg=36 is much less than one
In Fig. 4 we showpgy, _andpc as fu_nct|ons Oﬂ.— at H_.O might intuitively expect for such highly flattened grains.
and analyze these data in the following way. First, using Eg. In order to understand the above results better, we show in

(.5)’ weind the supercondupting Ml frgct'rpas a func- Fig. 6 the results of the numerical solution of E@$) for
tion oTT tbat |s~also shown in Fig. 4 by solid triangles. Note different g=1. One can notice that for largg=10, which
that sincepap=<p for all temperatl,lres except the very Or]Setour optimalg=36 belongs to, the resistivitgic(f) becomes
of the transition, one can neglepl, in Eq. (5) and getf  4imost saturated and close to the limiting cgse. At the
~(1-pc)/(3—2pc), see open triangles in Fig. 4. This same timep,,(f) strongly depends og and (for g=10) is
means that in our cas(T) is determined mainly by..  mych less thamp,(f), except at the very beginning of the

After replottingp,, andp, as functions of instead ofT, see  transition, wherd <1. This result has a clear physical mean-
Fig. 5(a), we solve Eqgs(1) and find the anisotropy parameter ing that can be easily understood if we consider the situation

q that provides the best fit for the(f) curves. It appears that wherep}, = pg and, correspondingly, the effective anisotropy
the upper(low-f, or highT) part of the resistive transition qis equal tom?. In such a case, embedding a superconduct-
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FIG. 6. Numerical solution of Eqg1) for p,, andp, (solid and
open symbols, respectivelgt variousq=1. The half-solid squares
correspond t@=1 (no anisotropy, where the two resistivities co-
incide. Bothp,, andp, vanish atf=f-"T=1/3.

ing oblate spheroid witim>1 into the normal isotropic ma-
trix does not affect significantly the current and the equipo-
tential lines forl|c, see Fig. 7a). As a result, atf <1 the

resistivity is almost unchangeg;~1 and further increasing

of m has almost no effect op, at anyf. Quite the contrary,

for I L c both current and equipotential lines are strongly af- , - : ! : '

fected by such an embedded spheroid, see Khy. There- 5 RN R R

fore p,,, drops significantly already dt<1 and further elon- : — :

gation of the superconducting spheroid parallgl tesults in (b)

additional decrease ip,y,. o o
It is clear from Figs. 5 and 6 that the apparent difference FIG. 7. Oblate superconducting ellipsoid with isotropic resistiv-

b Tab dTe - d when di ing Fi ity embedded into a normal matrix where its short agiss (a)
etweenT onseaNdT opsern MeNtioned when discussing I9S. parallel, (b) perpendicular to the current. In the casgthe current

2 and 4, is just an artifact. The beginning of the transition isynq equipotential lines remain mostly unaffected, and the resistivity
better determined dfjab, since even smafi causes a sharp does not change much. In the cabgthe effect on the current and
drop of Bab. Thus the realT,,set IS equal to ngset equipotential lines is great and, correspondingly, there is a signifi-
~096-98 K as has been reported for many similarcant reduction of resistivity.

Bi,Sr,CaCyOg_, ceramics'?® For I||c andg=10 the resis-

tivity p. drops very slowly at smal, therefore the onset of one needs also to explain the noticeable dependence of the
the transition, if determined by thp.(T) data, becomes resistivities on the magnetic field, which looks surprising
smeared out and apparently shifts towards the low tempersincef is almost independent ¢ for the low fields used in
tures. our experiments.

The perfect fit obtained fop.(T) at all temperatures, see
Fig. 4, should not be considered as an evidence for the ability
of EMA to consistently describe the experimental data. Its
quality results from the combination of two already men- To resolve the seeming contradictions mentioned just

tioned reasongi) practical independence &T) onp,;, and ?hbove, sﬁelstf:oulk(‘d c%mbine the E;V'ﬁ‘ and Jr;e E)r?rcotl)latio.n
(i) weak dependence gf.(T) on q for q=10. Therefore, eory. 'he ‘atier nas been successIUY U8 o o o P

AR i "~ tion of the transport current in high; ceramics>°°303!Be-
the true test of the applicability of EMA in our case is its low we show that the EMA and the percolation theory are

ability to fit pap(T). We see from Figs. 4 and 5 that this fitis mytually complementary, and their combination consistently
quite reasonable fof<<0.17 but fails at largef, wherep,, describes the experimenfa{H,T) in the whole temperature
drops much faster than predicted by EMA. Another apparentange of the superconducting transition.

inconsistency is the presence of two different zero-resistivity In the SN mixtures one should clearly discriminate be-
temperaturesT3°~75 K andT{~57 K, as if there exist two tween the “zero-resistance” concentratiég=f(T,) deter-
different percolation thresholds fdfjab andI|c, whereas mined by the conditionp(Ty)=0, and the percolation
EMA predictsf,=1/3 for both current directions. Moreover, thresholdf, that manifests the first appearance of the span-

B. Percolation of the superconducting currents
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ning superconducting cluster. The latter consists of percolatages in the two parallel resistors equal. Correspondingly, the
ing channelg® Let n be their density in the direction of the nonspanning part carries slightly less tHanl gp,n. In order
current. Each channel can carry the Josephson critical curret find Ip,,, let us notice than grows proportionally to

l,, Without destroying superconductivity in the weak links 7”2, where ne(f—f;)~" is the correlation length of the
between grains. Of coursk, depends on the current direc- percolation problem and~0.9.*° Thus we get

tion and on temperature. The spatial variationlgfin a Nav=y(f— )25, (1]lab), ©)

similar ceramic (Bj gPhy sShCaCuz0g.,) was studied in
ne=y(f—f)*Is. (lc), (7)

Ref. 30, where the direct dependencelgfon the grain
alignment and dispersion of the grain sizes was found. The
high quality of the grain alignment in our sample and rea-where y=1 is a numerical coefficient and is the cross
sonable uniformity of the grains assure that the spatial variasection of a grain perpendicular to the current, %y
tion of I,, (at given temperature and direction of curjeist =T aplc and s=ara,. Note that ng/ne=rap/re=m
not great. We find another proof for relative constancy,pf ~100. Zero resistance is achieved, as we discussedl, at
below when analyzing the effect of the magnetic field on the=jspan="nl,, . Using this condition and Eqs6) and(7), we
resistive transitiorp(T). find two similar equations:

The maximal superconducting current that the spanning

cluster can withstand i§p4n= j spar>, Wherejgpan=nl,, and f(Taby_f 120 |Sb F(TO)— 12V g
S is the cross section of the sample. Zero resistance is[ (To)—fp]™~ |ab(-|—8b)’ [f(To) = fpl™~ 16(TS)
w w

achieved af = f,=f(T,) where the spanning cluster carriers 8)
the total transport currents,,{To)=1. Obviously,f, is a o ab . _ ab
function of | andfo(1)=f,, where the equality is reached at for the determination ofTy™ and To, and, in turn, fo
very weak transport currents-1,,. The latter condition can = f(T§") and f§=f(T§). Herely=js is the mean transport
be hardly realized experimentally sintg=0.1-10x A, as  current that crosses a single grain, atands for eithes,j,
we show below. The critical behavior of resistiviy (f, or s; depending on the current direction. Note th& con-
—f)# , obtained using the percolation thedfy?°is valid  stant in our experiment, thereforg/15°=m=100.

only in the same limit —1,,, fo—f,. We demonstrate be-

low that in most experimental cases, including the present C. Interplay between the EMA and the percolation theory

one, the current is large enough to cause a significant dif- . o
ference betweefi. and f Now we can construct a consistent description of all the
0 P experimental data using both the EMA and the percolation

Let us find bothf, and f, for our sample. As we dis- :
p 0 ~
cussed above, the EMA, including its anisotropic generalizagheory' For f<f,~0.17, which corresponds td>Tp

. . EMA . . ~80 K, the spanning cluster is absent and the EMA provides
tion, prowdesf_p. =173. However_, the EMA is not the nght_ a good fit for the experimental data, see Figs. 4 and 5. At
tool for obtaining the percolation thresholds, and this

value exceeds significantly the exact results obtainec|1oWer temperaturesf <Tp, i.e,, atf>Tp, the ceramics is

' 9 y ; divided into the spanning cluster and the rest of the media.
using the percolation theorisee Refs. 18—-21 as reviews The spanning cluster carriés, . ~Snl,, whereas the non-
for the continuum mediaf;°"'~0.17 or for dense lattices, b 9 Span ’

latt imor spanning part carrieb—Ilg,,,. The Josephson critical cur-
fp ~0.20. Recent experimerits show that the | ontis proportional to either the tunnel conductitttpr the
Bi,Sr,CaCyOg,-BiFeO; composites (BiFeQis an insula-  yenairing current depending on the weak link type. In any
tor) undergo percolation transition at low temperatures . e for BSCCO one should expect tftand|S are quite
where all the BiSr,CaCyOg_ grains are superconducting, e o namely,|2°>1C . In other words, the Josephson
provided their volume fraction is greater than 20%. Thiscurrents'in theab’ ;VJvIaneWére “strong’ weaI; links. whereas

EZ?;::mfot?ﬁé fsorasnunciz mé:ﬁg{g&;gﬁé;grépﬁigr?(;gseéni oﬁmse inc direction are “weak” weak links. A similar picture
9 b g ' b as been considered in Refs. 33 and 34. Simggn,=m

balancing the excess currerisee, for instance, Refs. 11 and b c
20) no longer holds sincép,, does not depend on the nor- ~100, xve ufndoul]?tedly ghégpaPclj?'?a” aE the sarrr:ek;empelza-
mal resistivity of nonsuperconducting grains. Therefore it istU'e: Therefore, °"||C_ the conditionls,,,<I holds we

not surprising that EMA faills to fit thp,, data atf>f,. As ~ 800Vefp, andp, remains almost unaffected by the appear-

we obtained in the preceding section, the EMA fails to fit the@"C€ Of the spanning cluster. As we discussed in the preced-

data atf>0.17, so it is reasonable to accefy=fS°"  ing section,f(T) is determined mainly by(T). Thus we
~0.17 for our sample. Sinck,=f(T,), we getT,~80 K. can use the EMA procedure to determif(@) even below

At f>f,~0.17 the SN mixture consists of the spanningT,. The EMA fails to describe,p(T) there, but the latter
superconducting cluster and the nonspanning part, connecté@s negligible effect ori(T), see the minor difference be-
in parallel. The spanning cluster has zero voltage if it carriegween the solid and open triangles in Fig. 4. We see also
a current that does not excekg,,. At higher currents the from Fig. 4 thatf depends on temperature almost linearly at
weak links become normal and the voltage rises instantlyT>70 K. This means that th& . distribution function,
The nonspanning part has a smodthV characteristic. c¢(T)e«df/dT, appears to be almost constant in this tempera-
Therefore we can assume that the spanning cluster carriestare range. AfT<70 K the EMA apparently fails for direct

current that slightly exceeds,, in order to keep the volt-  determination off (T) becausetgpem becomes of the order of
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I, and the conditionlS,,,=! is fulfilled around T=Tg 1 — T T T T T T T
~57 K. Linear extrapolation of(T) providesf;~0.48, and | "]
from Eq. (8) one findsl{,(57 K)~15 A which looks rea- ] :
sonable. 9 T=80K -
Quite the contrary, the appearance of the spanning cluste ] ]
at f,~0.17 affectsp,y, almost immediately, sincé2),, be-
comes of the order of just abovef . Thusp,, drops atf é‘ ]
>f, much faster than predicted by EMA and vanishes at=. ,
TaP~75 K which corresponds t63°~0.25. From Eq.(8) ] ]
we getl2(T=Ta ~75 K)~3 uA. 5 .

D. The effect of the magnetic field

Above we analyzed the experimental results obtained in
the absence of magnetic field. However, even weak fields
H<750 Oe affect the resistive transition quite appreciably, 1/H (Oe™)
see Figs. 2 and 3. This looks surprising since the influence of
such weak fields orf(T) is negligible, as we discussed
above. One should expect a considerable decreaterndf
in high fieldsH>5 T, see Ref. 6 and references therein.

The excess resistivity induced by the magnetic fidld,

d T T T T T d T T T T T
0.000 0.002 0.004 0.006 0.008 0.010 0.012

FIG. 8. Inverse excess resistiviigee Fig. 3 normalized by the
normal onep"/Ap, plotted as a function of inverse magnetic field
1/H at T=80 K. The straight line is a guide for the eye.

: agE __introducing the superconducting volume fractib@l). In
appears to be almost independent of the direction of the fielgy e \yords, the percolation theory does not provide a con-
with respect to the grains and even Wlth_respe<_:t to the Curgigiant picture without EMA.

r_ent, see Fig. 3. A? ”’!e”t"’”ed gbove, this confirms 'tht_the The particular dependence Afp on H can be found as
field affects the pointlike weak links and that the resistivity 10,5 " After crude averaging the well-known Fraunhofer-
assoc;?ted with the ;/ortex mptllcc_)r}dlshnegllglbl_e in our case. o expressionIW(H)=I3,|sin(7-rH/H¢)|/(7rH/H¢) (for in-
splli? lgetlaor\i\;easinecrtea?n ?:r?;?:rt;u% Eh:trggftt;v: g:mé?te d stance, see in Ref. 2bver the_ areas a_nd directi_ons of the
from Figs. 2 and 3 a§ﬁb% 92 K for | |ab andT¢,~75 K for weak links, one gets an oversimplified interpolation formula
l|lc. Above T, the resistivity is almost field independent. |W(H)z|9VH¢/(7TH+H¢)_ (10)

This can be understood easily if we notice that the Josephson o N )
critical currentl,, vanishes a3 approached s, Whereas Herel,, is th_e value of the crltlcgl Josephson current in the
I, does not depend on temperature, so just beTgyg.,we — absence of fieldH ,= $o /sy, o is the unit flux, ands,, is
havel,,<I4. In this situation the magnetic field that further the mean area of the Josephson contact. We omit the indices
Suppressebw has almost no effect op. The latter becomes ab andc since the analyS|S is similar for both directions of
“field sensitive” providedl,,~I 4. Correspondingly, the con- current. When the field is switched on, a currexit=17,
dition that determined is —|W(H)=|SV7TH/(7TH+H¢) is expelled from a supercon-
ducting grain and flows through the normal matrix. This
leads to the increase of the normal current dengityby
Aj=n,Al, wheren,, is the density of weak links in the

) ciab o . ) sample cross section perpendicular to the current. Note the
Sincelg/ly"=m~100, it is clear thaly, should be consid- difference betweem,, andnga,: the latter counts only for
erably less thaTg, as observed experimentally. Moreover, the weak links that belong to the spanning cluster, so always
Eq. (9) provides another tool for the estimation lgf, and n,> Nspan- Moreover, n,, is finite even atf<f, (where

we readily obtainl2P(92 K)~0.03 uA, 15(75 K)~2 uA. Nspan=0), therefore the effect of the magnetic field on re-
The fact thatTﬁb>Tp, i.e., the effect of the magnetic field sistivity can be noticeable even f@r>T,. The supercon-

on p,p becomes noticeable even in the absence of the spanlucting current densitys is decreased by the same amount,
ning cluster, does not contradict our approach. Suppressidhus js+ j, remains constant and equal to the total current
of I, results in the appearance of additional resistivity in thedensityj. The additional heat dissipation owing to the mag-
nonspanning part also, but the quantitative analysis of thisetic field is AQ=(j,+Aj)?p"—j2p"=2j,Ajp". On the
effect is rather difficult, requiring numerical simulations and other hand,AQ=j?Ap, where Ap is the increase of the

132(TED) =132, 15(TE)=15. (9)

will be carried out elsewhere. measuredeffective resistivity. Thus we immediately get
It is worth mentioning that the presence of well-defined

splitting pointsT2 and T¢,, determined by Eq(9), confirms p" j2 Hy

our assumption on relative spatial uniformity If in both E:m( m) (12)

directions. Moreover, independencembnH at T>T jus-
tifies the fact that it is impossible to describe #) curve In Fig. 8 we plotp"/Ap,, as a function of M. At H
considering solely the Josephson contact network without-150 Oe we get an almost perfect straight line in accor-
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- - T T ceramics. First, the presence of finitg results in additional
resistivity not accounted for by EMA. Second, the percola-
tion of current via the spanning cluster breaks the consis-
tency of the EMA and requires consideration of the two-
resistor model. As magnetic field grows on, we get two
7 competing effects: appearance of the additional resistivity
due to suppression of weak links that should worsen the
- EMA fit, and suppression ofs,,, which works in favor of

] the applicability of the EMA. The latter effect proves to be
i decisive, since the spanning cluster is responsible for the
very fast drop ofp,, at T<T, in the absence of the field.
Therefore it is not surprising that & =750 Oe we get a
consistent EMA picture at alf>T},~75 K, whereas aH

=0 the applicability of the EMA is restricted by the condi-
tion T>T,~80 K.

o
1

0.8

normalized resistivity, p(T) / p"(T)

0.0

R ———
000 005 010 015 020 025 030 035
(a) superconducting volume fraction, f

IV. SUMMARY

We have developed a method of analysis for the resistivity
datap(H,T) in high-T, ceramics, such as BSCCO, YBCO,
and similar compounds, with well-oriented graisaxes are
almost parallel Our analysis is based on mutual comple-
mentarity of the effective-medium approximatiggéMA),
generalized for anisotropic media, and of the percolation
E theory, generalized in order to account for the presence of
] weak links between the grains. To implement this method,

—. one needs to know the resistivity data in both directigng:
0.00 005 010 015 020 025 030 035 andp.. We analyzed the data obtained in,8,L,CaCyOg_

() superconducting volume fraction, f and found the superconducting volume fractf@it) and the

FIG. 9. The same as Fig. 5 but Bt=750 T andq=17. The parameter of the effective ar}isotrothat accounts for both
EMA fit works better for this casécompare with Fig. § especially ~ the Platelet shape of the graifespect ration~100) and for
for f>f,~0.17. See discussion in the text. the anisotropy of the normal resistance of a single grain
(ppD,=10%. These two sources of anisotropy partially

dance with Eq(11). Only theH =280 Oe point deviates from compensate ez.iCh o_ther, SO the resultingan be quite mod-
erate. We obtained in our cage- 36.

this line, probably because of the inaccuracy of the interpo- The applicability of the EMA depends dnAt high tem-

lation formula Eq(10) atH=<H,. It is worth noting that Eq. .

(11) predicts a saturation ofAp at high fields, with peratures, wheré<f,~0.17, the EMA describes perfectly

(AP)maxzzjan|\(,)vP”/J'222NW|9vP”/J', since at high fields. is both p,p andpc. At f>f, the spanning clustgr appears, and

highly suppressed and~j. The linear extrapolation of our the ceramics should be _con3|dered as consisting of t_wo par-

experimental data shown in Fig. 8 toward$i=0 provides allel reS|stor§: the spanning cluster gnd the nonspanning part.
The current in the spanning cluster is determined by the car-

(Ap) max=0.360". Note also thaNWIf,’V is the Josephson criti- ', , X ; )
cal current density, so E¢L1) describes its saturation at high 'YiNg capacity of the weak linkgJosephson junctionse-

fields3® tween grains, and zero resistivity is achieved onlyfgat
Finally, in Fig. 9a) we show the results of the EMA fit for = fp when the spanning cluster is “thick” enough to carry
the p(T) data atH=750 Oe, i_e_, at the maximal magnetic the whole tranSport CUrrenItﬂOWing in the Sample without
field we used in our experiment, where the weak links aredestroying the superconductivity in the weak links. Alég,
highly suppressed by the field, <I,. We see that in this is a function of the current direction. The difference between
case EMA describes both brancheg(T) and p.(T) quite  f, andf, depends om and vanishes ds—1,,. However, this
consistently, and even the logarithmic scale, see Fig), 9 can hardly be achieved in experiments, and even at low cur-
does not reveal significant deviations pf,(T) from its  rent densitieg=1 A/cn? used in our experiment the differ-
EMA fit at low temperaturegcompare with Fig. &) that  ence betweeri, and f, (and, correspondingly, betwedn,
corresponds té1=0]. On the other hand, EMA should pro- andT,) proves to be quite significant. Our analysis enables
vide a better fit when the weak links are “open,”i.e.,Igt  an estimation of the critical Josephson curréptin both
>14, and one might expect the best results from the EMA adirections: in theab plane and along the axis.
H=0. The explanation is quite simple. There are two ob- Even a weak magnetic field <0.1 T suffices to consid-
stacles for the applicability of the EMA in superconducting erably suppress,,, resulting in a noticeable increase of re-

0.01

normalized resistivity, p(T) / p"(T)
1
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