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AbstmcL W report a study of fluctuation effecls in the resistance, R, and 
the thermoelectric power, S, of melt-pmcessed BiSrCaCuO (2212) and sintered 
BiPbSrCaCuO (2223) polycrystalline materials. Applying Several theorelicxl models to 
the analysis of aperimental mul ls  we extract a number of physical pramelen for these 
systems the Fermi energy, interlayer mupiing srength and atomic Debye temperatures 
for Bi and Pb. I h e  mulls are in g w d  agreement with data obtained in other studies 
of similar materials. 

1. Intmduction and relevant background 

Thermoelectricity in high-'Tc materials has attracted significant research interest in 
the few years since their discovery in 1987. In particular, the Seeheck effect has been 
widely studied in polycrystalline samples [1-51, textured samples [6,7] and single 
crystal specimens [8-121 of vdrious cuprates. Several groups have been involved in 
comparative analysis of the influence of thermodynamic fluctuations on thermoelectric 
power, S, and conductivity, a = I / p ,  in these materials [13-151. The effect of 
fluctuations on the latter transport property, however, has been investigated [IC201 
far more extensively than has been done in thermopower studies. Frequently the 
analysis of the fluctuations in S and a, measured in the zero-magnetic-field regime, 
does not extend beyond the determination of the interlayer coupling strength and the 
dimensionality crossover for the superconducting fluctuations. 

In this paper we attempt to extend additionally the analysis of fluctuations in S 
and a in order to estimate other important physical quantities: Fermi energy and 
Debye temperature, Q,. 

We first outline the widely used procedure [1521] for analysis of superconducting 
fluctuations above the fluctuation-corrected critical transition temperature, Td. In 
high-T, materials this usually differs strongly from the temperature of the onset 
of zero resistance, Tc, (see Ausloos et ai [16] for a brief discussion of different 
approaches to the analysis of fluctuation regime). The excess conductivity or 
paraconductivity, Aa, is defined as 

A a = a - u ,  (1) 

where a = I / p  is the measured sample conductivity and aN = l /pN is the normal 
state conductivity background which has to be determined by extrapolation from 

W53-8984/92/479401+10107.50 @ 1992 IOP Publishing Ltd 9401 



9402 

temperatures above E 2T,. In the single layer model developed by Alamazov and 
Larkin [U] (hereafter, AL), Au k given by 

P de filliers et a1 

(2) Au = Fe-A 

where e = ( T  - T,)/T,, F = e2/(16hd) and X = 1 for the two-dimensional rase; 
for three-dimensional fluctuations, F = e2/(32hEo) and X = 1/2. Here d and tu 
stand for the effective layer thickness and coherence length at T = 0 K, respectively. 
Plotting, therefore, (l /Au)’/’  versus T one can estimate the value of T, from the 
intercept of the extrapolated straight line with the temperature axis and also d or tu, 
depending on the dimensionality of the system [23], from the slope of this line. 

The multi-layer superconducting structure considered by Lawrence and Doniach 
1241 (hereafter, U)) results in 

A o  = (G/e ) ( l+  u/E) -”*  (3) 

where G = e2/(16hd) and the interlayer coupling strength, v,  is given by U = 
(2{UI/d)Z. Eul is the coherence length in the stacking direction of the multi-layer 
structure at T = 0 K. Equation (3) reduces to the three- and two-dimensional AL 
results for U >> 1 and U << 1, respectively. 

In the AL theory, the fluctuation dimensionality, D ,  is related to the critical 
exponent X by 

D = 2(2 - A) .  (4) 

Here it should be noted that according to the LD model, even in the case of 
ZD thermodynamic fluctuations, the behaviour is expected to be 3D in nature for 
temperatures close enough to T,. The U, estimate for the characteristic temperature 
interval, AT,, that separates these two regimes is 

AT, = Tau. (5) 

One can, therefore, evaluate the interlayer coupling strength and, given the value of 
d, obtain an estimate for col (see equation (3) above). 

Plotting In(Au) as a function of In(€) one can obtain X and D from the 
experimental data. When X is reasonably close to ln or 1, Td) can be re- 
evaluated by plotting ( l / A ~ ) l / ~  as a function of T in the appropriate temperature 
interval [17,19]. Here the interested reader is referred to the extensive literature on 
paraconductivity for conventional and high-T, materials (see Ausloos et al (161, Veira 
and Vidal [21] and Skocpol and Tinkham [25]). 

Other approaches for the analysis of experimental data exist, including the Maki 
1261 model for the fluctuation regime in S, which has been applied by Howson et a1 
1271. For the purpose of this study, however, we rely on the AL and LD models as well 
as on the recent theoretical study by Varlamov and Livanov (vL.) [28], who provided 
a satisfactory explanation for the unusual data of Howson el a1 [9,27]. 

In the ZD case, the VL model [28] produces the following relation for the 
fluctuation-mediated correction to the conductivity, An: 

A U / U ~  = ( I / E ~ ) ( ~ / ~ ) B E - ~  (6) 
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where eonstant B should be z 0.20 in order to produce results that are COflSktent 
with the single layer AL model 1291. Ep = nh2nd/m, m is the effective electronic 
mass in the plane of the superconducting sheet of the thickness, d,  and n is the o m e r  
density of states at the Fermi level; the other quantities are as specified above. 

Writing A S  and A L  for the fluctuation-induced parts of the Seebeck (S) and 
thermoelectric ( L  = So) coefficients, respectively, one obtains expressions similar to 
equation (1) above: 

S = S N + A S  ( 7 4  

L =  L N + A L .  (76) 

Here again, the subscript N stands for the observed behaviour of these transport 
coefficients in the normal state. Using the VL model's expression for A L / L N  

A L / L N  = (l/E,)(h/r)AIn(R,/T,)c-' (8) 

and the definitions given by equations (1). (7u) and (7b) with A L / L N  E AS/SN + 
Ao/o, + ASAo/SNoN one obtains 

AS/SN = [(A/B)ln(Q2,/T,) - 1]/[1+ ON/AU).  (9) 

The eonstant A rz 5.28. For high-T, materials the scattering rate, 1/r, is usually 

1/r Y CTkB/h  = C(1+ c)T,kB/h (10) 

where C is of the order of 1.4-2 (see [30] for a review of the common features of 
high-T, materials). Combining equation (10) with equations (6)  and (9) we get for 
the ZD case the following relations: 

~ N / A U  = ( E F / ~ T ~ ( ~ / B C ) [ E / ( ~ +  .)I (11) 

S N / A S  = [ I +  ~ N / A U ] / [ ( A / B ) I ~ ( ~ , / T , )  - 11. (12) 

One observes that for e << 1 the asymptotic behaviour of u N / A o  and S , /AS follows 
E as it should for the ZD case of the .4l, U) and VL models. Hence manipulation of 
the expressions provided by these models should, in principle, allow one to establish 
quantitative interrelations between E,, d, n, T, Ro and coupling strengths from the 
constructions suggested by equations (1)-(12). 

We now turn to discussion of our experimental results. 

2. Experimental results and discussion 

We have investigated fluctuation effects in the thermoelectric power and  resistivity 
of polycrystalline sintered [31] Bi,,,Pb,~,Sr,Ca,Cu,O, (2223, T, rz 109 K)  and melt- 
processed [32] Bi,Sr,Ca,Cu,O, (2212, T, = 90 K) materials. The specimens were 
cut into bar shapes with typical dimensions of L ,  x L,  x L ,  = 12.0 x 1.2 x 0.15 
mm3 for the 2223 sample and of 9.3 x 2.0 x 0.7 mm3 for the 2212 sample. R( T) was 
measured by a standard four-probe technique. Electrical cOntaCtS to the sample were 
made with silver paste. In figure 1 we present the temperature dependence of R(T)  
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Figure 1. 'Temperature dependence 01 the lhennoeleclric power, S = S(T);  inset: the 
resistance of the 2212 samples. m e  straight lines are lhe Pxtrapolatian of the normal- 
slate behaviour Cor these mnspon ooeficienls. In this and following figurer the labels 
2223 and 2212 stand Car the data obtained h m  the respeclive phase oC the Bi-based 
cuprater under study. 

for the 2212 material [31] and thermoelectric power, S = S ( T ) ,  for both materials. 
The experimental procedure for Seebeck measurements is similar to the one used by 
Gridin d ul [4,5]. The straight lines drawn on this figure represent the normal-state 
behaviour of R and S found by extrapolation to T = 0 K of the data above 200 IC 
This gives us RN(T) and SN(T) for both materials. The deviation of the sample's 
R a n d  S from R,(T) and S N ( T )  when the temperature approaches T, from above 
are due to superconducting fluctuations in these transport coefficients. Using the 
effective mass approximation (pN = m/ne%, where T is substituted according to 
equation (10) above) for the normal resistance of a conductor of thickness d, and 
in-plane mass m, we write for the dimensionless slope 1) of the normalized R N / R ' :  

1) = m,c' kB/( R' pne'ii). (13) 

Here p is the effective value of the cross-sectional area to length ratio for our 
samples which for polycrystalline materials can differ significantly from its geometrical 
definition: L,L,/L,, using the notation R = p / p .  For both the 2223 and the 2212 
samples the values of 1) thus defined were 3.85 x R' is the resistance of the 
samples measured at 260 K; for our samples of 2223 BSCCO R' rz 130 mfi and 
for 2212 5 70 m0. The numer id  factor C' incorporates both the material 
and sample dependent quantities: C, which results from the substitution for h / ~  
in terms of equation (10); the deviation of the in-plane mass, m, from the free- 
electron mass, me; oversimplification due to the presumption of complete absence Of 
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interlayer coupling (a purely ZD treatment); and the intrinsically 'average' behaviour 
of polycrystalline materials in terms of electronic transport. We use the empirically 
obtained d u e s  of C' for both materials and apply in what follows p(studied material) 
= p(free- electron)^ C' and EF(studied material) = E,(free-electron)/C'. 

In order to find an estimate for the corresponding T,'s we first plot &/ACT = 
1/( R ' / R  - R'/R,) as a function of temperature. This is presented in figure 2 
From equation (2), the slopes, 

P = 16hd/(pR'e2Ta) (14) 
of the extrapolation of a'/Ao to zero are p(2223) Y 0.72 K-' and p(2212) Y 

0.29 K-l for the 2223 and 2212 BSCCO samples, respectively. The corresponding 
values for Ta thus found are Ta(2223) = 108.7 K and T,(2212) = 93.5 IC Tiking 
the effective thickness, d = pR'pe2T,/16ti, of the superconducting electronic layer 
to be half of the e-axis distance. for the res ective case, we find d(2223) c- 19 A 
and 42212) Y 15 L%, since ~(2223) = 37.1 1 and ~(2212) = 30.9 The value of 
the ratio, p (cross-sectional area to length), used in equations (13) and (14) can be 
estimated now to yield 0.0012 cm for 2223 and 0.0051 cm for 2212 samples. Inserting 
n(2223) = 1.54 x 102' C I I - ~  and 42212) = 4.2 x 10" a r 3  [33] together with 
the estimated values of p we obtain from equation (13) that c'(2223) Y 2.1 and 
C'(2212) Y 12.5. 

80 85 90 95 100 105 110 115 120 125 130 
Temperature, K 

Figure 2 lkmperature dependence of o * / A o ,  see text and equation (14). Tix straight 
lines with slopes p are the mlrapalation of a ZD khaviour. ?he mlues of Td are, 
respectively, 93.5 5 QS K and 108.7 + 0.4 K for the 2212 and 2223 samples. 

Using the values of d we now estimate the coherence length in the CuO layer 
This is achieved by plotting In(Au) versus In(€) (see stacking direction, COL. 
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equations (3)-(5) and their discussion for the interrelation between the interlayer 
mupling strength and e,,,). The 
corresponding temperature intervals for deviation from 2D towards 3D behaviour are 
ATn(2223) F 2.0 K and ATn(2212) Y 3.0 K This produces Eu,(2223) Y 1.3 A 
and &,,(2212) Y 1.4 8, suggesting similar coherence lengths along the c-axis for both 
materials. 

P de Villiers et a1 

This construction is presented in figure 3. 

-7 -6 -5 -4 -3 -2 - 1  

Ln ( E )  

Figure 3. In(o*/Ao) as a funclion of In(<), 5 ( T -  TQ)/TQ with the appropriate 
vlllues of TQ tor the 2 1 2  and 2223 cases. ?he slraighl lines have a slope of -1 ,  which 
is an indication of the quasi-20 behaviour. Proximily to TQ is evident from lhe devialion 
of lhe data points (eye guided bj dashed awes) lowards smaller magnitude of the slope, 
which reprewnls the dimensionality M S S O V ~ ~  from w to 30. 

In figure 4 we plot aN/Aa for both materials. According to equation (11) the 
slope, y, of the extrapolated straight line (for the pure 2D case) down to Td is 

y = E F / ( k c , T i B C ' ) .  (15) 

y = rr t lZnd/ (kBT~Bm,C') .  (154 

We insert the ZD Fermi energy expression ( EF = rrhznd/m,) to obtain 

This yields C'(2223) x B rr 0.5 and C'(2212) x B Y 3.0 (y(2223) = 1.20 K-', 
$2212) = 0.61 K-' and we use the previously introduced values of d and n). The 
theoretical value [29] for B is B F 0.2. In fact, inspecting equations (13)-(15) it is 
apparent that independent of the value of c' for each material, and irrespective of 
the sample parameter p, B should be given by 

B = ( F / w ) ( x / ~ ~ T ~ ) .  (16) 
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80 85 90 95 100 105 110 115 120 125 130 
Temperature, K 

Figure 4 Ihe temperallire dependence of u ~ / A u .  Ihe slope of the straighl lines, 7, 
is discussed in Ihe ImI,  see equations (15) and (1%). 

Inserting the experimental values for the slopes 0, q and y together with the 
appropriate values of Td we obtain B(2223) 0.28 and B(2212) z 0.26 instead 
of the expected [29] value of 0.2 for this figure. We consider this discrepancy to 
be small and possibly due to the fact that the straightforward ZD Fermi energy 
expression (E! = ?rfi2nd/m,) med to arrive at equation (16) together with the 
effective mass approximation approach are not readily applicable to the real material 
where coupling hetween the CuO layers is non-zero. For the quantitative analysis 
therefore we use the valiles of B(2223) and B(2212) above instead of 0.2. This 
produces C'(2223) = 1.8 and C'(2212) 11.7 similar to the results obtained 
from the slopes, q, above. Alternatively Eg(2223) = c'(2223) x 0.343 eV and 
E0,(2212) rr C'(2212) x 0.120 eV from the data of figure 4 for both materials. 
Since EF = E,(studied material) = E,(free-electron)/C' = E!/C', we determine 
- the k r m i  energies of our materials by this method which yields, respectively, 
E,(2223) 2 0.343 eV and zF(2212) z 0.120 eV The estimated values of EF are 
in reasonable agreement with the findings of other groups [30,34] for the high-T, 
cuprates. 

Finally, equation (12) suggests the possibility of estimating C2, 135,361 which 
enters the VL model. We note that the fluctuation effects in S, U and L are 
closely related, since they all result from the influence of thermodynamic fluctuations 
of order parameter on non-equilibrium transport processes (371. In figure 5 
we present S,/lASl as a function of temperature for both materials. As has 
been noted in the text following equation (12), the slope 4 of the asymptotic 
behaviour of S,/lASl should extrapolate to that of the product of (uN/Acr) and 
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Figure 5. Temperature dependence of SN /AS, see equation (In) for information related 
lo the slopes, 4, of Ule extrapolated slraight lines. 

[l/I(A/B)In(Q,/T,) - 111 for e -0, i.e. 

The experimental values for 4 were d(2223) E 0.72 K-' and 4(2212) N 0.55 K-*. 
Inserting the appropriate values for y and B and solving for In(OD/T,) we 
obtain nD(2223) zz 105 + 125 K and RD(2212) E 93 t 105 K (the lower and 
upper values for the range of 0, are produced by the two possible solutions of 
equations (17)). Recently, Yu et a1 [38] have reported a beat capacity study of 
polycrystalline BiPbSrCaCuO material. In order to fit their data at the vicinity of 
the superconducting transition, i.e. at T N 109 K, they introduced a fitting routine 
that used atomic Debye temperatures weighted accordingly with the atomic 6action 
for each mass per unit formula. Their fit was successful to within 10% at 100 K 
and produced nD(Pb) = 163 K and RD(Bi) = 162 IC These values are ahout 30- 
60% higher than the ones obtained by our method yet much closer to  our results 
than the 470 K value for the single effective Debye temperature needed by Yu et 
a1 (381 to fit their data a t  100 K. Note the proximity of our values to the atomic 
Debye temperatures of Pb (= 105 K) and Bi (= 119 K). Alternatively, since our 
values are less than half the average initial Debye temperatures (i.e. obtained at 
low temperatures from the heat capacity data) for 2212 (E 250 & 25 K) and 2223 
(E 260 & 20 K) [39], we might suggest x N 2 t 3 for a simple modification of the VL 
model for the similar analysis of the fluctuation regime in high-T, cuprates (3.51. 
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3. Summary 

Special emphasis has been placed here on the application of different quasi- 
two-dimensional models to the analysis of fluctuation effects in the resistance 
and the thermoelectric power of melt-processed BiSrCaCuO (2212) and sintered 
BiPbSrCaCuO (2223) polyclystalline materials. Our approach allows an estimate of 
several important physical parameters for these systems: the Fermi energy, interlayer 
coupling strength (or col) and atomic Debye temperatures for Bi and Pb. The 
results, especially for the former two parameters, are in a good agreement with the 
data obtained by other experimental investigations of similar materials. 
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