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Abstract. Polycrystalline samples of Bi, 6Pb,, ,Sr2Ca,Cu30y with the 108 K superconducting 
phase show a magnetic fielddependent broadeningofthe resistive transition for temperatures 
below 118 K .  The temperature of the onset of dissipation, T,(H).  decreases as a function of 
increasing field strength, H .  The temperature dependence of dr /dT,  where r is the nor- 
malized resistance of the samples, indicates the presence of two scattering mechanisms that 
are responsible for the broadening of the transition when H # 0. The first mechanism causes 
a steep increase of dissipation for temperatures that are close to T,(O). The second one is 
turned on  at Td(H) .  We fit the shape of the resistive transition for the temperatures between 
T,,(H) and 118K by using the Halperin-Nelson form for the excess of conductivity: 
A U K  u N 5 : ( T )  and assuming that E , ( T )  is related to EE(T) and E1(T) via: E y 2 ( T )  = 
E i ' ( T )  + E c 2 ( T ) ,  where EE(T) and E , ( T )  are the correlation lengths attributed to each 
scattering mechanism. 

1. Introduction 

The possibility of vortex-antivortex pair dissociation in two-dimensional ( 2 ~ )  super- 
conductors has been proposed by Beasley, Mooij and Orlando (1979) and by Doniach 
and Huberman (1979) following the theoretical model Of 2D phase transitions developed 
by Kosterlitz and Thouless (1973). A review of recent developments in this field is 
presented by Minnhagen (1987). The 2D structural transitions are reviewed by Nau- 
movets (1989). Kim et a1 (1989) and Martin et a1 (1989) have discussed the application 
of the Kosterlitz-Thouless model (1973) to the single crystal data of high-Tc supercon- 
ducting materials such as TlBaCaCuO and BiSrCaCuO. The latter system has also been 
studied by Artemenko, Gorlova and Latyshev (1989). Tsuneto (1988) and Ikeda et a1 
(1989) have also proposed the Kosterlitz-Thouless 2~ model for the explanation of the 
broadening of the resistive transition. 

Another aspect of the reduced dimensionality is the importance of the thermal 
fluctuations. An excellent review of fluctuation effects in 2D materials has been given by 
Skocpol and Tinkham (1975) for conventional superconductors. The effect of fluc- 
tuations on the conductivity in quasi-2~ superconductors has been studied for poly- 
crystalline samples of BiSrCaCuO by Vidal et a1 (1988) and Schnelle et a1 (1989). A 
study of the fluctuation influenced conductivity in Pb-doped BiSrCaCuO polycrystalline 
samples has been conducted by Poddar et a1 (1989). Lobb (1987), Kapitulnik et a1 (1988) 
and many other researchers have considered the importance of fluctuation effects in 
high-T, materials. 
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The formation of a rigid flux lattice is important for the dissipation processes, since 
a relatively small amount of pinning centers is enough to pin all of the flux lines, 
Therefore, the flux-lattice melting, which is more important in the 2~ systems, could 
be responsible for the dissipation processes at temperatures well below the critical 
temperature Tc. The melting of the vortex lattice has been discussed by Nelson (1988) 
and Brandt (1989). Gammel et a1 (1988), Ota et a1 (1989) and other groups have 
interpreted their results in terms of the melting of the flux-line lattice. 

According to Moore (1989) the melting temperature is reduced as H2i3. (See also 
Markiewicz (1988).) For low and/or intermediate fields (up to 1 T )  this has been 
supported by Rodriguez et a1 (1990) for the BiSrCaCuO single crystals and ceramics. 

It is now well established that in the presence of an external magnetic field there is a 
significant broadening of the resistive transition in BiSrCaCuO. Iye et a1 (1989) point 
out that the effect is rather intrinsic, since it has been observed in polycrystalline and 
single-crystal samples. Reports of this behaviour have been presented by Yeshurun and 
Malozemoff (1988), Palstra et a1 (1988) and other researchers. Tinkham (1988) has used 
a model of a thermally activated flux-creep to explain this substantial broadening. Iye et 
a1 (1989) and Fukami et a1 (1989) presented arguments based on their observations which 
oppose the model of thermally activated flux-creep regime that was used successfully by 
Anderson (1962) for conventional type-I1 materials. 

In this paper, we show that the broad shape of the resistive transition in the lead- 
doped BiSrCaCuO polycrystalline samples can be explained and satisfactorily fitted for 
magnetic fields up to the 1.5 T used in our study. The main suggestion of our empirical 
analysis is that the resistive transition has contributions from two Kosterlitz-Thouless- 
type transitions. The first one corresponds to the vortex-antivortex pair dissociation that 
occurs at a weakly-field-dependent temperature that is close to the zero-field onset of 
dissipation, Td(0). The second one occurs at the onset of dissipation, Td(H) < Td(0), in 
an applied magnetic field. The exact nature of this transition, though unknown, is 
assumed, however, to resemble the dislocation melting of the flux lattice. Fisher (1980) 
mentions a two step process whereby lattice melting is followed by vortex-antivortex 
unbinding at Tc. This part is responsible for the remarkable reduction of the temperature 
of the onset of dissipation when H # 0.  We stress here that in spite of the quite significant 
agreement between the data and the empirical fitting curves, the physical origin of the 
second scattering processes might be due to other possible excitations of the vortex 
system. 

2. Experimental results 

Details of the sample preparation and the x-ray and DC susceptibility data have been 
reported by Ummat et a1 (1990). The resistance was measured with a standard four- 
probe technique. The samples had a rectangular shape with typical dimensions: 
L(x)  x L ( y )  x L ( z )  = 0.6 x 0.2 x 0.10 cm3. The external fieldH was oriented parallel 
to the smallest sample side, L ( z ) ,  and the current was set along the L(x)  direction. 
The temperature dependence of the normalized electrical resistance, r = R ( H ,  T ) / R  is 
shown in figure 1. The normalization by R enables us to compare samples of different 
sizes cut from the same material. R is the resistance of our samples at 150 K, with a 
typical value of 15 mS1 . In figure 2(a) we plot the temperature dependence of the 
derivative dr/d T. One observes that the position of the maximum is almost field inde- 
pendent for the fields studied. It corresponds to the temperature of the inflection point 
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Figure 1. Temperature dependence of the normalized electrical resistance, r = R ( H ,  T ) / R ,  
of apolycrystalline Bi, 6Pb,, ,Sr2Ca2Cu30Y. For H = 0 T, 0; H = 0.3 T, 0 and H = 1.1 T, A .  
The data are normalized by R at T = 150 K with a typical value of 15 mC2. The solid lines are 
the best fits through the data in terms of equations (2)-(5)  for the temperature range from 
118 K to T,(H) ,  which is defined in figure 2(a)  as the point of the onset of dissipation. 

Figure 2. (a )  Temperature dependence of the derivative dr/dT. T d ( H )  and Td(0) are the 
temperatures of the departure of dr/d T from its zero level for H = 0.8 T, solid line; H = 
0.2 T, open circles and H = 0 T, dashed line. pc is the fluctuation-corrected BCS critical 
transiton temperature, that happens to be below the temperature of the inflection point 
(position of the peak in this figure) for all our samples. (b)  Temperature dependence of the 
derivative dr/d T. H = 0.8 T, 0 ;  the solid line is the derivative dr/d Tof the best fit through 
the data. 
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of the curves in figure 1. A small, shoulder-like structure below the peak of the zero- 
field data corresponds to the fluctuation-corrected BCS transition temperature, pc. 
Gridin et a1 (1990) have analysed the paraconductivity contribution from the supercon- 
ducting fluctuations in terms of the Aslamazov and Larkin (1968) 2~ model and found 
that the effective thickness of the electronic sheet is 23A, i.e. comparable to the 
separation of the a ,  b planes. We note that for all our samples TO, = 113 K, falls slightly 
below the position of the inflection point. The temperature of the onset of dissipation, 
T,(H), which we define as the point where dr/d T departs from its zero level, shows a 
remarkable field dependence. The empirical relation between the applied field and 
T,(H) is 

(1 - t d )  = AHo (1) 
where A = 0.28 k 0.02, a = 0.52 -t 0.05 and td = Td(H)/Td(O), with Td(0) = 107.5 K. 
This dependence is presented in figure 3, where the straight line is a best power law fit 
to the data points. The dashed line corresponds to the H2/3 behaviour derived by Moore 
(1989) for the field dependence of the melting temperature of the flux lattice. One 
observes that the data deviate from the behaviour for fields H > 0.5 T. This agrees 
with the observation of Rodriguez et a1 (1990). In spite of the deviation from at 
higher fields we will assume that the field dependent onset of dissipation is caused, for 
the fields studied, by the mechanism that resembles the dislocation melting of the 2~ 
flux-lattice crystal. We, now, turn to the more detailed discussion of our results. 

3. Discussion 

We focus on a general feature, which is the double-step increase in d r/d Tin the curves 
in figure 2(a) when H # 0. The first step occurs near Td(H) and the second steep increase 
in dissipation is very close to Td(0)  = 107.5 K. 

Since the field dependence of Td(H) presented by equation (1) and figure 3 is 
reasonably close to the H2i3 power law for the temperature dependence of the flux-lattice 
melting point (at least for H < 0.5 T )  we suggest that the onset of dissipation at T,,(H) 
is due to the dislocation melting of the flux lattice. In 2D this process is described by the 
Kosterlitz-Thouless (1973) structural transition. Nelson (1988) and Markiewicz (1988) 
have discussed this possibility for high-Tc materials. Brandt (1989) and Moore (1989) 
have shown that the melting temperature of the flux-line lattice is reduced as a function 
of magnetic field strength, H .  According to Martin et a1 (1989), who used small fields to 
study the vicinity of the zero-field transition, there is definite evidence of the Kosterlitz- 
Thouless vortex-antivortex pair-breaking phase transition close to the zero-field onset- 
of-dissipation point. The second steep increase in our data is attributed to this process. 

Let us stress the key points of our analysis: 

(i) At T,(H), we assumed a ‘turning on’ of a scattering mechanism that resembles in 
its temperature dependence the dislocation melting of the flux-line lattice which is 
described by the Kosterlitz-Thouless 2~ transition. According to the well known Lin- 
demann’s rule this corresponds to a high level of excitations in the vortex system. 

(ii) Between Td(H) and Td(0) the vortex-antivortex plasma is pictured as a liquid of 
the vortex-antivortex pairs, with an imbalanced amount of vortices that have their 
paramagnetic momenta oriented parallel to the direction of the external field. (This 
point was first discussed by Doniach and Huberman (1979) who took into account the 
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Figure 3. Field dependence of T,(H), defined in 
figure 2(a ) .  The straight line is the best linear fit 
to the empirical observation for this dependence 
given by equation (1). The dashed line is a H' ' 
power law, see Moore (1989). 

Figure 4. Construction for the evaluation of TF 
and the thickness, d ,  of the quasi-?D supercon- 
ducting sheet for the zero-field data. See Fiory et 
a1 (1983) for discussion of the method and Gridin 
et a1 (1990) for detailed analysis of the data on  
lead-doped BiSrCaCuO polycrystalline samples, 
studied here. T'L = 113.3 f 0.2 K and d = 
23 ? 2 A. 

effect of pair breaking by the external field. See also Young (1979), Nelson and Seung 
(1989) and Marchetti and Nelson (1990) for discussion of the melted phase of the vortex 
system.) A possible dissipative mechanism in this region is the scattering of vortex- 
antivortex pairs by unpaired vortices induced by the external field, current, sample 
imperfections (dislocations, grain boundaries, etc.) and thermal fluctuations. Observe 
in figure 2(a) that following the initial rise of dr/d Tat T d ( H )  there is an almost constant 
rate of the scattering until the temperature approaches the vicinity of Td(0).  

(iii) In the vicinity of Td(0) there is an additional steep rise in dr/d Tthat is attributed 
to the dissociation of the thermally excited plasma of vortex-antivortex pairs. This 
process is also described by the Kosterlitz-Thouless 2D transition. The temperature 
interval of this behaviour extends to Toc. 

(iv) From pc to 117-118 K, i.e. up to the region of validity of the Aslamazov-Larkin 
(1968) paraconductivity corrections in our samples, the resistivity is attributed to fluc- 
tuation effects towards the superconducting state. In figure 4, we show a typical zero- 
field construction for finding the thickness of the quasi-2~ electronic sheet and the 
fluctuation corrected BCS critical temperature, Toc. (See, e.g. Fiory et a1 (1983) for a 
discussion of the Aslamazov-Larkin paraconductivity corrections and a description of 
the construction used in figure 4.)  This analysis yields pc = 113.3 2 0.2 K and d = 
23 5 2 A for our samples. 

The principal steps of our data analysis are as follows. 

(i) We associate a separate correlation length with each of the two Kosterlitz- 
Thouless processes involved in our model. &(HI i") corresponds to the separation 
between dislocation pairs (Halperin and Nelson 1978) in a single sign vortex lattice 
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‘liquid’ phase, above Td(H). EI(T) describes the binding of vortices and antivortices for 
pair formation. (Subscripts E and I stand for ‘extrinsic’ and ‘intrinsic’ correlation, 
respectively, so that EE( T )  corresponds to the ‘distance’ between centres of mass of 
dislocation pairs and Er( T )  gives the ‘size’ of a vortex-antivortex pair.) 

(ii) To account for the steep rise in the resistivity around 105-108K we use for 
T > 105-108 K a total correlation length ET(H7 T ) :  

E T 2 ( H ,  T )  = Ei2(K T )  + E;*(T) (2) 
where EE(H, T )  and E,(T) are infinite for T < Td(H) and T < Td(o), respectively. 

correlation length, gJ( T ) ,  of the 2~ Kosterlitz-Thouless transition: 
(iii) We use the approximate form suggested by Halperin and Nelson (1979) for the 

EJ(T) CC BJ sinh{bJtJ} (3) 

t E  = ( T -  Td(H))-0’37 f o r H f O  (4a) 

TI  = ( T -  Td(0))-0’5 for H = 0. (4b) 

where J = E, I. BJ and bJ are temperature-independent free parameters. tJ is given by: 

We use the power law derived by Young (1979) for the temperature dependence of zE 
in the case of the melting of the triangular Abrikosov lattice. The form of equation (3) 
waschosen, since, according to Halperin and Nelson (1979), its temperature dependence 
extrapolates well to the limiting behaviours at TKT and above TO,. (Here TKT is the 
temperature of the Kosterlitz-Thouless transition.) 

(iv) Using the Halperin-Nelson result for the excess of conductivity, A o ,  in terms of 
E ,  i.e. that A o  = U - oN CC oNE2, we write for r = R ( H ,  T ) / R :  

r/rN = l/(l + E % ( T ) )  ( 5 )  

where N labels the normal-state transport properties and ET( T )  is given by equations 
(2), (3), (4a) and (4b). This equation and the sum rule equation (2) follow implicitly 
from the Halperin and Nelson (1980) form for the coherence length if we consider that 
EE is also a coherence length between single-sign vortices in the lattice. There are lji 
phase slip sources per characteristic unit of the vortex lattice. r = RN/R = 1.07 for our 
samples at T!. 

(v) From the best fit of equation ( 5 )  to the zero-field data (i.e. when ET( T )  = E1( T ) )  
we find the values of BI and bI. Then, by fitting equation ( 5 )  to the field data from Td(H) 
to 107.5 K (i.e. up to Td(0)) we obtain the second pair of parameters BE and bE, since 
for this interval according to equation (2) we have ET( T )  = EE( T ) .  The final curve is 
obtained by calculating r/rN in terms of equation ( 5 )  with ET( T )  given by the sum rule 
of equation (2). To account for the slight broadening of the steep rise in the vicinity of 
Td(0) we adjusted the values of bI and tI to give a best fit in the whole interval between 
Td(H) and 118 K. The corrections never exceeded 1% of the zero-field values for bI and 
tI. The results of this analysis are shown in figure 1 by the solid lines. We find that the 
calculated curves agree satisfactorily with the experimental data for the temperature 
interval (Td(H), 118 K) for the fields studied. In figure 2(b) the more detailed dr/d Tis 
compared to the derivative of the best fit for H = 0.8 T. The basic structures in the 
analytical derivative follow the features that are present in the experimental dr/d T.  
Since for T > 117-118 K the magnetoresistance of our samples is essentially zero we 
conclude that our qualitative picture accounts well for the total broadening of the 
resistive transition in an external magnetic field for the fields studied. 
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Two remarks about the above fitting procedure can be made: first, the parameters 
B1 and bl are 0.0085 and 9.56, respectively, for the zero-field data; second, the value of 
bE varied between 6 and 10 and are quite close to 6,; however, the parameter BE was 
between 0.3 and 0.1 for fields between 0.1 and 1.5 T and was significantly different from 
the zero-field value of 0.0085. Bearing in mind the qualitative nature of our model and 
especially the polycrystalline structure of the samples we would not draw any conclusions 
from the field dependence of BE. 

4. Summary 

External magnetic fields result in a remarkable broadening of the resistive transition in 
polycrystalline samples of Bil,6Pb0 4Sr2Ca2Cu.iOy. The major increase in resistivity 
occurs for T < 118 K that is slightly above the critical fluctuation corrected BCS tem- 
perature, pc = 113 K. The temperature of the onset of dissipation, Td(H) decreases 
significantly as a function of the field strength, H and follows the H2’3 power law for 
H < 0.5 T. The broadening of the resistive transition with H # 0 is assumed to be due 
to the two-step, two-dimensional, Kosterlitz-Thouless phase transition. The first step 
is due to dislocation melting of the flux-line lattice with the characteristic length scale, 
&( T ) ,  that describes the correlation between dislocation pairs in the single-sign vortex 
lattice. The second step is due to the vortex-antivortex pair dissociation with the cor- 
relation length, & ( T ) .  Assuming that the total correlation length, & ( T ) ,  is related to 
gE(T) and & ( T )  via: 5 T 2 ( T )  = g E 2 ( T )  + E;*(T) ,  we fit the shape of the resistive 
transition for all temperatures between 118 K and Td(H). The data agree well with the 
proposed model we feel that the study should be extended to higher fields and carried 
out on other quasi-2~ high-l;: systems (e.g. TlBaCaCuO). 
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