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I. Phys: Conden?.. Matter 4 (1992) 427H281. Printed in the UK 
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Bil,sPbo.sSrzCazCu30, 

C X d n ,  0 Cabeza, J A Veira, J Maza and F6lk Vidal 
Laboralono de Fica de Materiale+ Departamento de %ita de la Materia Condensada, 
U n k i d a d  de Santiago, 15706, Spain 

Received 4 October 1991 

Abstrpet l l e  munding &ens above the supermnducting Mnsilion of the electri- 
cal rcpistivity and 01 the magnetic susceptibility have teen measured in the same 
Bi~,sF‘b,.sSrzCazCu~Og polycrystalline mmpounds. Our mul l s  for the reduced temper- 
ature (e )  tehaviour of b t h  o k m b l e s  mnfirm the absence of appreciable non-universal 
Maki-Thompson and smctural inhomogeneity e~Tects The m u l m  for the behaviour 
and for the intrinsic amplitude of b t h  obsembles a n  be explained simultaneously and 
mnsistently in terms of lwodimensional orderprameter fluctuations in pair-breaking 
layered superconductors with a two-real-mmponent order parameter, but assuming also 
the presence, only in lhe paraconduclivily, of a non-universal mnlribution having a 
Lawrence-Doniach-like e dependence. These last mnclusions apply also to our prwious 
experimental mulls for YBa2c43Oy-s samples, where order-parameter fluctuations in 
the mean-field region are three dimensional. 

1. Introduction 

A key question about copper oxide superconductors is whether the superconducting 
pairing state is ‘conventional’ (‘so-wave pairing) or ‘unconventional’ (‘extended’ or 
non-%,,-wave pairing) [l-31. In a recent letter [4] (hereafter referred to as I), we 
have presented experimental data on the intrinsic fluctuation-induced diamagnetism 
Axab and on the intrinsic paraconductivity Auob in the a 4  plane obtained in the 
same YBa,Cu,O,-, (YBCO) samples. The reduced-temperature e behaviour of both 
observables is vely similar, suggesting then that the possible non-universal effects con- 
tributing differently to the measured Au(c) and Ax(€)  may probably be discarded, at 
least in the mean-field region (MFR). This concerns, in particular, the Maki-Thompson 
[5,q contributions (which will affect only 4aab(e))  and the inhomogeneity effects 
in single-phase samples [7] (which will affect 4 4 e )  and Ax(€)  differently). These 
findings, which confirm our previous paraconductivity results [S, 91, simplify consid- 
erably the analysis of the superconducting order-parameter fluctuation (oPF) effects 
in these materials which otherwise may not lead, mainly when analysing only one 
cuprate oxide family, to unambiguous conclusions [5,6,10]. Furthermore, our analysis 
Li I suggested that the absolute amplifudes of both observables, which in contrast with 
their €-behaviour will depend on the type of superconducting pairing state [U-141, 
cannot be explained simultaneously and consistently only in terms of universal OPF 
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effects in conventional ('s,-wave pairing) layered superconductors. However, an er- 
roneous interpretation of the existing theory [U-141 invalidates our conclusions for 
unconventional (non-s-wave pairing) impure superconductors (see corrigendum to I). 
It seems therefore, suitable to check whether the above indicated results for YBCO 
compounds apply also to other copper oxide systems. Among the existing copper ox- 
ide families, the Bi-Pb-Sr-Ca-CU-0 superconductors should probably be very good 
candidates owing, in particular, to the pronounced twodimensional (2D) behaviour of 
their paraconductivity in the MFR [9,15,16], which is in contrast with the 3D behaviour 
of the YBCO compounds. 

In this paper, we present high-resolution measurements of the rounding, above 
the superconducting transition, of the magnetic susceptibility in the low-magnetic-field 
limit x(T),  and of the electrical resistivity p ( T )  in the same Bi,,,Pb,,,SrzCazCu30y 
(BSCCO) polycrystalline samples. Although the rounding of p(T)  [9,15,16] and the 
rounding of x( T )  [17,18] in Bi-based superconductors have been measured in detail 
by various groups, to our knowledge it is now the first time that high resolution data 
of Aa,,(e) and Axab(€) are obtained in the same samples [19], a central condition 
necessary to compare quantitatively and consistently both observables with each other 
and with the theoretical approaches. In particular, we shall see here that the absolute 
amplitudes of both obsewables again provide, as was the case for (3D) YBCO materials, 
a basic test to check the type of pairing in (2D) BSCCO compounds. Also, we shall 
briefly reanalyse here our previous data for YBCO samples in terms, in particular, of 
the existing approaches for unconventional pairing superconductors. 

2. Experimental details 

Three polycrystalline samples of nominal composition Bi,,,Pb,,,Sr,Ca,Cu3Oy have 
been studied. Their preparation and details of their general properties have been 
reported in [XI] and in references therein. X-ray diffraction analysis indicates the 
presence of various distinct phases, although the phase with T, m 108 K is predomi- 
nant. The main effect on the p ( T )  and x(T) rounding behaviours of these relatively 
small stoichiometric inhomogeneities is the enlargement of the transition widths. For 
instance, the upper half-width AT, of the resistive transition may be defined by [SI 

where Tu is the temperature where p ( T )  around the transition has its inflection 
point (d2p(Tu) /dP  = 0). In the case of the WCCO samples studied now, 1 K 
N < AT, 5 2 K whereas, for the YBCO samples studied in I, AT, 5 0.25 K, a width 
close to the expected intrinsic value. Although the marked 2~ character of the OPF 
in the Wcco compounds will enlarge the transition, [9,15,16], an appreciable part 
of this width will be due to the presence of the stoichiometric inhomogeneities noted 
above. Thus, to avoid any complication associated with these spurious effects, our 
analysis will be done for T - T,, > AT,. In this case we cannot, therefore, probe 
the possible ZD-~D and mean field-full critical regime crossovers which may appear 
beyond the MFR,  closer to the superconducting transition. 

Optical microscopy measurements and SEM show that the typical grain and crys- 
tallite sizes of our polycrystal samples are 10-50 gm. The samples show pores on 
the Same scale as the grains and nystallites, the latter also showing a high density of 
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twin boundaries on a length scale larger than loo0 A The porosity of the samples 
decreases the average density to between 80% and 93% of the ideal value. The length 
scales of these different dtuctuml inhomogeneities are, in all cases, much larger than 
any characteristic length relevant for OPF, e.g. the superconducting order-parameter 
correlation length, [ (T) ,  in all directions or the effective interplane (CuO,) distances 
d ,  (see later). Above T,, each crystallie behaves then as a (randomly oriented) 
single crystal. The influence on the measured p ( T )  and x(T)  roundings of these 
long-scale structural inhomogeneities may be accounted for by the empirical ap- 
proaches that have been described in I and in references therein. The experimental 
systems to measure p ( T )  and the magnetization M ( T )  in the low-magnetic-field 
limit (H < 0.3 T < Hu(0)), and the corresponding resolutions, were the same as 
those indicated also in L 
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pisnrr 1. An example of the lemperature behaviour of (U) the measured d t i v i t y  and 
(b) the magnetic susseplibility. me chain lines are lhe corresponding backgrounds, and 
the full lines have been obtained using a bwenceDoniach temperature dependence 
for the intrinsic rounding &em 

3. Experimental results 

As example of our results on p ( T )  and x ( T )  for the sume sample is shown in 
figures l(u) and l(b). These x( T) data were obtained with H = 50 m?: As was the 
case for our data on the polycrystalline YBCO samples described in I, the granular 
nature of the BSCCO samples measured now is clearly reflected in the results presented 
in figure 1. Ijor instance, the absolute values of both p( T) and its slope are affected by 
the reduction in the effective moss section in polycrystalline samples. Also, probably 
owing to the presence of some paramagnetic impurities and to localized moments 
originated by Oxygen defecn, x ( T )  in the normal region increases somewhat as T 
decreases. However, these non-intrinsic effects, always present to some extent when 
analysing critical phenomena in any real (or even single-crystal) material, may be 
easily Overcome by the same data analysis as was used in I for the YBCO system. Let us 
just note that the normal (background) resistivity p,,,(T) in the a-b plane, of good 
BSCCO single-clystal samples has not yet been measured. So, to extract the intrinsic 
paraconductivity Auab(T) from p(T) ,  we use as the slope of the intrinsic background 
resistivity d p a b B ( T ) / d T  e 0.5pC2 cm K-I, a value suggested by extensive study of 
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p e b B ( T )  in several superconducting families [ZI]. Other details of the extraction of 
Au,,(T) and Axob(T) may be seen in I and in references therein. 

As can be seen in figures l (a)  and (b), here again T, agrees to within *ATa 
with Tcx, latter defined as the temperature where ~ ( 7 ' )  goes through zero. In this 
example, T, = 1085 K and Tcx = 109 K, whereas ATa = 1.3 K The T-location 
of the MFR is also, as it was for YBCO samples, bounded through 

5 A'ab(T)/uabB(T) ,$ (2) 

(3) 

and 

o.l 5 AXab(T)/XebB(T) 5 o.6 

which correspond, in both cares, to 1.5 x lo-, 5 c 5 lO-l, where e e In(T/TcI), or 
c E In (T/Tc,)  is the reduced temperature for Auab and Axcb, respectively. The 
lower e-limit will correspond to the Ginzburg reduced temperature cG which in zD is 
given by [ZZ] 

EG = Icg/(4~€%O)de A c )  (4) 
where kB is the Boltvnann constant, [,,,(a) is the superconducting correlation length 
in the a-b plane, de is the flective interlayer distance (which takes into account the 
existence in these compounds of inequivalent conducting layers at different distances 
[13,W]), and A C  is the heat capacity jump at the transition. We shall see later that 
this last expression leads to an EG-vaIue close to the above-indicated lower e-limit. 
Above the high-temperature limit the conventional Ginzburg-Landau-like theories 
will fail (for instance, the transverse superconducting correlation length becomes 
smaller than the distance between the closest adjacent CuO, planes or even smaller 
than the interatomic distances). 

The intrinsic Au,,(c) and Axab(c)/T for the BSCCO superconductors, extracted 
from the p ( T )  and x(T)  data obtained in the three samples studied here, are repre- 
sented in figures Z(a) and Z(b), respectively. A first important result of figure Z is the 
very similar temperature behaviour, over all the MFR, of both observables. This result 
was also found, as noted in the introduction, in the YBCO samples studied in I and, 
therefore, strongly suggests that all the rounding effects in copper oxide supercon- 
ductors not common to both observables may probably be discarded, at least in the 
m where the relative influence of these non-universal effects could be, if they exist, 
probably more important. The above conclusion concerns Ihe Maki-Thompson con- 
tribution [S,q (for the rvrrently accepted pair breaking time values [9], r, 5 lo-%), 
which will affect only Au. The absence of anomalous paraconductivity confirms our 
previous proposals based on the analysis of Au in different copper oxide families [9] 
in contrast with other paraconductivity analyses IS, 101. The structural inhomogeneity 
effects on the reduced-temperature behaviour of Au and Ax, which will affect dif- 
ferently both magnitudes, will be, if they exist, to within the 30% dispersion of our 
data, confirming our previous paraconductivity analysis [8,9,24]. This last result is 
also in contrast with other proposals on the structural inhomogeneity influence on 
the resistivity raunding in copper oxide materials [7]. Moreover, these results seem to 
confirm that our choices of the backgrounds, of T, and Tcx as the mean-field critical 
temperature T,, and of the c-location of the MFR, are reasonable approximations. 
This contrasts with other proposals where T,, is assumed to differ from T ,  or Tcx 
by almost 10 K, or where the MFR is extended even above ZT,, a region where 
will be shorter than the interatomic distances [S, 10, IS]. 
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Fwre 2. ((I) Inlrinsic paramnduaiviry and (b) paradiamagnetism in the a 4  plane 
of Bxco compounds. The m r  ham apply in Ihe indicated W R  and Ihey have ken 
estimated by raking into acmunt the uncenainlifs of both the experimental p ( T )  and the 
eiperimental x(T) dam and also Ihose inlmduced in dracling Aa,b ( r )  and Ax.b(6) 
from t h m  data. The C U N ~  correspond Io the differen1 mean-field approaches for OPFS. 
as explained in the main text. 

4. Comparison with the theoretical approaches 

As noted in I, the existing approaches for direct OPF effects in layered superconductors 
lead to the same cdependence for both Auaa(e) and Axob(e ) /T .  In the h l ~ ~ ,  and 
independently of the type of pairing state or of the number n of real components of 
the order parameter [Il-141, 

Auab(e) = (A,/c)(I -I- B/e)-'/' (5) 

where B [ 2 ~ , ( 0 ) / d , ] 2 ,  and where we have neglected the possible small terms pro- 
portional to [ . Q 0 ) / [ , b ( 0 ) ] 2 .  Here c,(O) is the superconducting correlation length 
amplitude in the c direction (normal to the a 4  planes). As also noted in I, a 
crucial feature is that A, and A, in the above equations depend on the type of 
pairing and on n. For conventional (%,-wave) pairing and n = 2 (denoted here 
by the superscript s), A:, = e2/16hde, and A: = rkB&2&,(0)/3de. For uncon- 
ventional (non-ls,-wave) pairing (denoted by the superscript us), only some partial 
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results are at p e n t  available [IZ-141. For the g = 1 complex component order 
parameter, ie. n = 2, in a square lattice, A: = A:, and A: = A;, where we 
have assumed an impurity pair-breaking factor r of the order of unity [12]. Wr two- 
complex-component (g = 2) order parameters, and assuming also T = 1 and a square 
lattice (121, AY = AL,(g+ I,. 4- 12), where I, and I, are non-universal contributions, 
and [14] A; = SA;. Note that A: has been explicitly calculated for only g = 1 or 
g = 2, but the proportionality of A: or A; with g agrees with the fact that different 
components of the order parameter will have independent fluctuations contributing 
to the amplitudes of both rounding effects. In the above expressions, e is the electron 
charge, A is the reduced Plank constant, I; ,  is the Boltmann constant and q50 is the 
flux quantum. Note that A, /A ,  is independent of de, and for conventional pairing 
or for one-complexcomponent ( g  = 1) unconventional pairing, one gets the ratio (in 
cgs units) A J A ,  = 2.47 x 10-'o[:b(0). 

The full i ies in figures z(u) and 2(b) correspond to the best fit of equations 
(5) and (6), respectively, in the indicated MFR and with A,, A ,  and B (in the two 
curves) as free parameters. The resulting values are (in cgs units) 

A, = (2 f 0.5) x 1014s-1 A, = (4f 1.2) x 10-"K-' 

and 

B 5 4 x 0) 

?ko complementary results must be stressed already. F i t ,  the r-behaviour of 
equations (5) and (6) agrees, on a quantitative level, with our data in the MFR for 
both observables, the RMs fit deviation being in all the cases better than 5%. Then, 
whereas in the YBCO samples B was found in I to be close to the upper dimit  of 
the MFR, for the BSCCO samples studied now B is much less than the lower e-limit. 
These results fully confirm, therefore, our early results [U] suggesting that OPFS are 
2~ ([,(e) < de) in Bi-based mcs, whereas they are 3D ([,(e) > d e )  in the MFR of 
YBCO samples. 

We are now able to compare the above-indicated theoretical results with the 
measured amplitudes Fbr conventional superconductors, or for one-complex- 
component ( g  = 1, i.e. n = 2) unconventional pairing, by using A, /A ,  we obtain 
Sab(0) = 9 f 4 .&. Although the order parameter correlation lengths in Bi-based 
m have been studied relatively Little, it is expected that [ae(0) for these com- 
pounds will take similar values as for YBCO samples [21,25]: C a b ( O )  = 14 .&, which 
is appreciably larger than that extracted from A,/A,. We must check, then, each 
quantity separately. Using A; and the above-indicated accepted [,b(0)-value, we 
obtain de = 17 f 5 4 which is reasonably close to 15.4 & the half-unit-cell length 
of the Bscco compounds. So, the theoretical results for s-wave pairing or for uncon- 
ventional pairing with g = 1 explain, on a quantitative level and consistently with the 
accepted characteristic lengths, our experimental result for A x , ~ ( E ) .  Unconventional 
pairing with g > 1 is unambiguously excluded. By using now in A', again tab(O) 
= 14 A and for de the characteristic length extracted before from A,, we obtain 
Ab = (0.9 f 0.3) x l O I 4  s-l. This value is appreciably shorter than the measured 
amplitude and leads to the dotted line in figure 2(u). The chain line in this figure 
was obtained by adding a Maki-Thompson contribution A o h ( e )  for conventional 
layered superconductors [6), to the dotted line, with the phase relaxation time T~ as a 
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free parameter. The resulting best-fit value is T+ = 2 x s at 115 K The evident 
disagreement is not mitigated by using for A u k ( < )  a modified expression for two 
different Josephson-coupling parameters [6]. This result fully confirms thus OUT ear- 
lier proposal on the absence of Maki-Thompson effects [9,15] in spite of the fact that 
the copper oxide materials are in the clean limit [5, q, and in agreement with optical 
measurements [26]. Magnetic pair breaking or unconventional pairing in impure su- 
perconductors could explain the failure of these A u h ( e )  expressions [12,27]. Note 
that A:, with g = 2, could explain, with reasonable characteristic lengths, the ob- 
served Auab(e)amplitude, if the non-universal terms, including Yip's contributions 
Il and Iz ,  are absent but then the disagreement with AxDb(€) will become unac- 
ceptable. Note also that by using in equation (4) the value of A C  proposed in [ZS], 
namely A C  = 2.6 x lo4 J m-3 K-l, the above characteristic length for conventional 
or unconventional pairing with g = 1 leads to eG = 1.3 x in excellent agree- 
ment with that obsewed in the Auas(e) and Axob(e) /T c w e s  (about l.5 x lo-'). 
It seems, therefore, that our data for Aca,,(e) and Axaa(.) in BSCCO compounds 
could be explained in terms of universal OPF effects in strong pair-breaking layered 
superconductors having a two-real-component order parameter (n = 2, as in s-wave 
pairing or, in onecomplex-component unconventional pairing, g = l), but assuming 
also the presence, only in the paraconductivity, of non-universal contributions having 
a LawrenceDoniach-like temperature dependence. It is likely that a 2~ non-square 
lattice can generate, even for g = 1, these non-universal contributions [12]. 

As noted before, the conclusions for unconventional pairing presented in I for 
the YBCO samples were erroneous, because they were based on an inconsistent use 
of Yip's results for Au.*(E) in that unconventional case. Because of this, it will 
be useful to summarize here our correct conclusions in that case. In cgs units, 
A, = (3.2*0.9) x l O I 4  s-', A,  = (652) x lo-'' K-I and (for both observables) 
E = 0.15 f 0.08. For conventional superconductors, or for one-complexcomponent 
(g = 1, i.e. n = 2) unconventional pairing, by using Ax/Ao we obtain Cab(0) = 
9 f 3 which is appreciably shorter than the value proposed in the Iiterature [21]: 
Eab(0) = 14 * 2 In this case, we must check also, as for Bscco samples, each 
quantity separately. Imposing on A; the above-indicaled accepted E,,(O)-value, we 
obtain de = 11 f 3 .&, in excellent agreement with the unit-cell length for YBCO 
samples (11.7 A). In addition, in this 3D case we have access through E to (0). 
Wth B = 0.15 * 0.08, and using d, = 11 f 3 .&, we obtain E ,  = 2 & 1 ,k, in 
good agreement with 1.5 8, 5 E,(O)  5 3 8, proposed in the literature [Zl]. So, 
the theoretical predictions for s-wave pairing or for unconventional pairing with g 
= 1 also explain, as was the case for BsCCO samples, our results for Axaa(c) in 
YBCO samples, at a quantitative level and consistently with the accepted characteristic 
lengths. Unconventional pairing with g > 1 is unambiguously excluded. By using 
now in A> tbe characteristic lengths extracted before from A,, we obtain A: = 
(1.3h0.4) x l O I 4  s-l, which is appreciably shorter than the measured amplitude. The 
disagreement cannot be overcome, as was also the case for BsCCO samples, by adding 
to A; a Maki-Thompson contribution. Note, finally, that for YBCO samples the lower 
e - l i t ,  the one corresponding to Aueb(e)/uabB(e) ST 0.6, or Axaa(e)/xabB(e) U 

0.6, was around 7 x In this 3D case, eG is given by [22] 

€G = (1/32a2)[]cg/(E~a(0)E,(o) Ac)]2. (8) 

By using the measured AC jump [29], i.e. AC = 4.7 x lo4 J m-3 K-l, and the 
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aboveindicated characteristic lengths, equation (8) yields eg = 6 x 
agreement with our tindings in I. 

in excellent 

5. Conclusions 

In conclusion, we have reported high-resolution data of the electrical resistivity and 
of the magnetic susceptibility rounding effects above the superconducting transition 
obtained in the same polycrystalline Excc0 samples. The intrinsic paraconductiv- 
ity Amab and paradiamagnetism Axab in the a-b plane have been extracted from 
these data following similar systematics for both observables. As was the case for 
YBCO samples, Am,,,(e) and Axab(e)/T have very similar reduced-temperature be- 
haviours, over all the him. This result found with the three samples studied here, 
which have different long-scale structural inhomogeneities, again suggests that all the 
rounding effects not common to both observables may probably be discarded in the 
him. This concerns, in particular, the h4aki-Thompson [.5,6] contribution (which will 
affect only Ao), at least with the edependence that has been proposed [q, and the 
structural inhomogeneity effects [A (which will affect A o  and A x  differently). Also, 
these results seem m confirm the ralidity of our extraction procedure of Auab( e) and 
Axab(€), in contrast with other analyses [lo, U]. Concerning the pairing state and 
the number of components of the order parameter, it seems that our data for both 
observables in both m c  systems could be explained in terms of universal OPF effects 
in impure (pair-breaking) layered superconductors having a two-real-component order 
parameter (n = 2, as in s-wave pairing or in one-complex-component unconventional 
wave pairing), but by assuming also the presence, only in the paraconductivity, of non- 
universal contributions having a LawenceDoniach-like temperature dependence, as 
for two-complexcomponent (g = 2) unconventional pairing [12]. The theoretical 
analysis of these unconventional contributions, and also of the pair-breaking effects 
in 'extended' s-wave superconductors [l-3,301, will provide a useful test of such a 
pairing state for copper oxide materials. From the experimental point of view, it will 
be important to do new measurements in the same good single-crystal samples of 
both rounding effects, mainly to check their intrinsic amplitudes. As stressed before, 
these amplitudes depend, in particular, almost linearly on various not always well 
settled geometrical parameters (through the effective magnetic field in the case of 
Axab, and through dp , , , (T ) /dT  in the case of Ao,,, and we cannot exclude the 
failure of our estimates of the uncertainties on these parameters. 
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