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Thermodynamic fluctuations and the thermoelectric coefficient in
„Bi1.6Pb0.4…Sr2Ca3„Cu12xAgx…4O121d superconductors

J. E. Rodrı´guez and A. Marin˜o
Department of Physics, Universidad Nacional de Colombia, Bogota´, Colombia

~Received 13 January 1999; revised manuscript received 25 May 1999!

We present a study of the thermoelectric coefficientL(T) of polycrystalline silver doped
~Bi1.6Pb0.4!Sr2Ca3(Cu12xAgx)4O121d samples.L(T) relates the thermopowerS(T) with electrical conductivity,
s(T), and gives an indication of the influence of the order parameter fluctuations~OPF! on S(T) in the mean
field region~MFR!. The results ofL(T) indicate that the critical behavior ofS(T) above the superconducting
transition is driven essentially bys(T). These results suggest that, in the MFR,L(T) is not affected by
thermodynamic fluctuations of the superconducting order parameter~OPF!. The OPF effects show a bi-
dimensional character in the entire MFR, which is not affected by Ag doping. For low Ag concentrations, the
experimental dataDs/sB fit well to the Lawrence-Doniach model for layered superconductors in the MFR.
Furthermore, the behavior ofDL is nearly temperature independent.@S0163-1829~99!13533-1#
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INTRODUCTION

Since in the copper-oxide superconductorsj~0! is typi-
cally two orders of magnitude smaller than in low tempe
ture superconductors and the superconducting transition
perature (TC) is one order of magnitude higher, ord
parameter fluctuations~OPF! can be observed at accessib
temperatures close toTC . Measurements of electrical resi
tivity r(T) and magnetic susceptibilityx(T) show OPF ef-
fects even 10 K above the critical temperature.1,2

An important and still controversial aspect of the OP
effects in high temperature superconductors~HTSC! is re-
lated with their influence on the in-plane thermoelectric c
efficientL(T), which relates the in-plane thermopowerS(T)
and the in planer(T). Different experimental groups hav
reported an anomalous peak, sometimes very sharp, inS(T)
of polycrystalline and single crystal HTSC samples nearTC .
This anomaly however has not been observed inr(T) and
therefore a strong critical divergence ofL(T) nearTC attrib-
uted to intrinsic OPF effects would be observed.

On the other hand, some authors have suggested the
istence of a relationship between the anomalousS(T) peak
and sample inhomogeneities, temperature gradient inho
geneities, or even experimental artifacts.3–5 In the YBCO
systems, in the case of fully oxygenated samples, some
sults indicate that the thermoelectric coefficient does
present any sharp critical divergence close and aboveTC .6,7

In order to give some insight on the above fundamental qu
tions, we discuss in this paper detailed measurements o
thermoelectric powerS(T) and the electrical resistivityr(T)
rounding aboveTC of silver doped~BiPb!2Sr2Ca3Cu4O122d
~BSCCO! polycrystalline samples. We analyze the OPF
fects on both magnitudes in terms of the existing theorie

EXPERIMENT

Polycrystalline samples of nominal compositio
~Bi1.6Pb0.4!Sr2Ca3(Cu12xAgx)4O121d , BSCCO-2234, with 0
<x<0.1, were prepared by the solid-state reaction met
PRB 600163-1829/99/60~13!/9845~5!/$15.00
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using high purity powders of BiO2, PbO, SrO3, CaCO3,
CuO, and AgNO3. The materials were ground thoroughl
preheated at 800 °C for 20 h and then grounded and pre
~9 ton/cm2! in the form of small pellets. Thereafter the pelle
were sintered at 850 °C for 140 h in air and cooled with t
furnace turned off.

The Ag doping affects the superconducting properties
the BSCCO-2234 system but does not affect the structur
high-TC phase~110 K! as observed with x-ray diffraction
An increasing of the critical current density (JC) was ob-
served forx,0.01 and could be associated to microstructu
changes. Part of Ag segregates on the BSCCO grain bo
aries. This effect can either increase the contact surface
tween grains by decreasing the grain size or change the w
link type. Larger doping levels (x.0.01) inhibit the forma-
tion of the high-TC phase~110 K! and decreaseJC . For x
.0.01 the x-ray diffraction patterns display both multipha
samples~110 K, 80 K, and nonsuperconducting! and Ag dif-
fractive peaks, which increase by increasingx.8

The electrical resistivity measurements were carried
by the four probe dc method, while the thermoelectric d
were obtained using the differential technique with a te
perature gradient,DT'0.1 K across the sample. The tem
perature was monitored with calibrated copper-constan
thermocuples. Pt-100 sensors were used to know and co
the bare temperature for each measured point. All volta
were measured using a Keithly nanovoltmeter model 1
with a resolution of 0.05mV. The estimated absolute accu
racy of the TEP is;3%.9,10

RESULTS AND DISCUSSION

For small thermal gradients the thermoelectric power a
the electrical conductivity are related by the thermoelec
coefficientL(T), which is defined by11,12

L~T![S~T!s~T!. ~1!

Therefore in the presence of order parameter fluctuations
measurements ofS(T) can be directly affected bys(T) or
9845 ©1999 The American Physical Society
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L(T). In order to analyze the rounding effects onS(T) and
r(T) close above the transition temperature and the influe
of OPF onS(«), s~«!, andL(«), it is necessary to determin
and quantify the corresponding excessDs, Dr, and DL,
which are defined as13

DS~«!5S~«!2SB~«!, ~2a!

Ds~«!5s~«!2sB~«!, ~2b!

DL~«!5L~«!2LB~«!, ~2c!

where« is the reduced temperature defined as«[ ln(T/TCS)
'(T2TCS)/TCS, in the case of the thermopower and«'(T
2TCr)/TCr in the case of resistivity.TCS and TCr are the
temperatures wherer(T) andS(T) near the superconductin
transition have the inflection point. For each sample the
ference betweenTCS andTCr is less than 0.3 K, which can
be attributed to experimental errors~hereafter referred to a
TC!.

The excess thermopower,DS(«), close and aboveTC is
calculated from the difference between measured th
mopower,S(«), and the extrapolated one,SB(«), to low
temperatures from the region where the OPF effects are
present. In our case we use a possibleS(T) functional form
in the normal region far away from the transition temperat
in order to diminish one of the largest uncertainty caus
This uncertainty is related to the thermopower backgrou
choice and due to the absence of an unambiguous functi
form for S(T) in the normal region of HTSC. After severa
polynomial fittings to our experimental results we have co
cluded that in the range 150 K<T<250 K, S(T) discom-
poses mainly in two termss(T)5aT1b/T, i.e., higher or-
der terms are negligible@see Fig. 1~a!#. The first termaT is
attributed to the carrier diffusion and the second one, prop
tional to 1/T, has been associated with the phonon drag b

FIG. 1. Typical behavior ofS(T) and r(T) of Ag-doped
BSCCO-2234 samples. The MFR near the transition tempera
and the background region are displayed.
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should obviously include more than one contribution.9,10 The
main characteristic of theS(T) curves for each sample ar
displayed in Table I. In a similar form the measured resist
ity r(T) aboveTC ~in the normal state! in zero applied mag-
netic field can be well described for all samples, Fig. 1~b!, as
rB(T)5c1dT. This expression represents the resistivity
each sample in the normal state above 150 K, only the slo
and the constant terms varied from sample to sample~Table
I!.

Figure 1 shows additionally the behavior ofS(T) @Fig.
1~a!# and r(T) @Fig. 1~b!# in the background and the mea
field region respectively. In our case the mean field reg
~MFR! lay between«;0.03 and«;0.18, i.e., in the reduced
temperature range where the time-dependent Ginzb
Landau like approaches and the Gaussian approximation
OPF in zero magnetic field are expected to be valid.13,14

The enhancement in the electrical conductivityDs~«! is
defined as the difference between measured conduct
s~«! and sB(«). The later one is the extrapolation to ze
temperature from the straight line trend of the normal reg
(150<T<250 K), with sB(T)[1/sB(T).

ThenDL(«) can be related with the corresponding exce
DS(«) andDs~«! by

DL~«![SB~«!Ds~«!1s~«!DS~«!, ~3!

which can be rewritten as

DL~«!

LB~«!
5

Ds~«!

sB~«!
2

s~«!

sB~«!

DS~«!

SB~«!
. ~4!

From the experimental results we observe that the dep
dence ofDS(«) andDs~«! with the reduced temperature
similar for all samples in all the MFR, Fig. 2. However th

re

TABLE I. Characteristic values of resistivityr(T) and ther-
mopower S(T) of Ag-doped BSCCO-2234 superconductin
samples.

r~300 K!
mV cm TC ~K!

dr/dT
~mV cm/K!

S ~300 K!
~mV/K !

PURE 0.053 108.0 0.00015 1.060
Ag~0.001! 0.027 108.4 0.00008 0.815
Ag~0.004! 0.021 108.4 0.00006 0.840
Ag~0.005! 0.017 107.5 0.00005 0.820
Ag~0.01! 0.011 107.5 0.00004 0.804
Ag~0.02! 0.018 108.2 0.00005 0.811
Ag~0.1! 0.050 107.3 0.00012 0.851
FIG. 2. DS and Ds as a function of reduced
temperature in MFR for low Ag-doped level (0
<x<0.005) BSCCO-2234 samples.
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relative amplitude changes from sample to sample and th
changes are more important inDs~«! that in DS(«). These
results confirm thatS(T) is less sensitive thanr(T) to the
structural changes produced by Ag doping. On the ot
hand, in contrast with the changes in amplitude, the exp
mental data show that the changes in theS(T) behavior are
more evident from sample to sample than those inr(T).
This result can be associated to a higher sensitivity ofS(T)
to short length, compositional or structural, inhomogenei
at interatomic scales.3,13,16,17

Figure 3 shows the behavior of the thermoelectric coe
cientDL(«) for different silver concentrations.DL(«) is ap-
proximately temperature independent, within the experim
tal uncertainty, which suggests thatL(T) is not affected by
thermodynamic fluctuations of the superconducting order
rameter, i.e., all the critical effects observed inS(T) above
the superconducting transition are mainly due tos~«!. As-
suming that our samples have different structural inhomo
neities generated by the silver addition, they do not aff

FIG. 3. Experimental behavior ofDL(«) for low Ag-doped
level (0<x<0.005) BSCCO-2234 superconducting samples.
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significantly the behavior ofDL(«). Similar results have
been obtained for other authors in well-oxygenated YBC
superconducting samples characterized by structural inho
geneities at large length scales.6,19

It is worthwhile to note that in addition to the fact tha
L(«) is not affected within the experimental resolution b
the presence of superconducting order parameter fluctua
in the MFR, a slight increase of the amplitudeDL as increas-
ing x is observed~see Fig. 3!. This behavior would be con
firmed also by the fact thatr(T) is more sensitive to the
structural inhomogeneities produced in this case by the si
addition.3,15–18

COMPARISON WITH THE EXISTING THEORIES

The effect of the OPF on electrical conductivitys(T) on
layered superconductors in the clean limit is determined
the theoretical approximation of Lawrence-Doniach:1,20

Ds~«!5
As

« F11
BLD

« G21/2

, ~5!

where BLD is the so-called Lawrence-Doniach coefficie
which is defined by

BLD5S 2jC~0!

s D 2

, ~6!

wherejC ~0! is the c-axis direction coherence length~at T
50 K!, and s is the distance between superconducti
planes. The system dimensionality is controlled byBLD pa-
rameter.As is an important amplitude which depends on t
pairing state, the numbern of the real components of th
order parameter, and the numberN of superconducting layers
per unit cell of lengths. This can be expressed asAs

5gNAAL , whereg is the number of complex components
g
of

l

FIG. 4. ~a!–~d! Ds/sB andDL as a function
of reduced temperature in MFR for different A
concentrations. The dotted line is the best fit
experimental data (Ds/sB) to the LD model and
the solid line is the best fit to the Maki mode
@DL(«)# in MFR.
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the superconducting order parameter andAAL5e2/16\s is
the universal Aslamazov-Larkin and Lawrence-Doniach c
ductivity.

The dotted lines in Figs. 4~a!–4~d! are the best fits of Eq
~5! to Ds(«)/sB(«) in the MFR for each sample withAs

andBLD as free parameters~see Table II!. Additionally to the
good qualitative agreement with the experimental data,
values ofBLD(BLD,«) lead to a two-dimensional charact
~2D! for the fluctuations of the order parameter. These res
are in agreement with that obtained in BSCCO samples f
paraconductivity measurements.21 Furthermore the value
obtained forBLD show that low Ag doping levels (0,x
,0.005) do not affect significantly the dimensionality of th
system. However, the general behavior observed for sam
with x.0.005 shows that there is not agreement betw
experimental data and Eq.~5!, showing both a change in th
dependence ofDs~«! with « and an increasing of the ampl
tude ofDs ~see Fig. 5!. The behavior ofDs~«! with reduced
temperature seem to be due to a possible increase o
critical region and the consequence decrease of MFR. O
effects like that produced by the presence of Maki-Thom
processes could be present, and contribute to the decre
of MFR.22–24

The effect of OPF on the thermoelectric coefficient
given by the theoretical approximation proposed by Maki
s-wave layered superconductors in the clean limit is6,13

DL5AL lnF 2

«~11a1A112a!
G , ~7!

wherea5BLD/2«.
The full line in Fig. 4~a! is the best fit of Eq.~7! to the

experimental data,DL(«), in MFR using theBLD values
obtained from LD fit toDs/sB(«) data~Table II!. The re-
sults indicate that the model proposed by Maki accounts
sonably well with our experimental data for low Ag-dope
levels of BSCCO-2234 samples. The temperature dep
dence ofDL(«) is soft and their amplitude is small. In othe
words as this result is found for low Ag-doped samples
<x<0.005) with different structural changes, we could co
clude that this behavior is intrinsic to BSCCO-2234 samp

Let us stress here however, that the reasonable agree
between experimental data and the Maki model does
allow us to conclude about the pairing state of the or
parameter. Within the experimental resolution and since

TABLE II. CoefficientsBLD andAs obtained from the best fit to
the Lawrence-Doniach model of the experimental data for the
Ag-doped level (0<x<0.005) of BSCCO-2234 samples.

BLD As ~V cm!21

PURE 0.03656 569
Ag~0.001! 0.06568 1371
Ag~0.004! 0.04671 1915
Ag~0.005! 0.03926 2404
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plitude of L(«) is very small compared withsDS(«) in the
MFR any soft functional form of the order parameter cou
fit reasonably well the experimental data.

Studies of the magnetic field dependence of the therm
electric coefficient belowTC might provide a deeper insigh
into the symmetry of the gap parameter.25 Results on this
subject will be analyzed in a forthcoming paper.

CONCLUSIONS

For low-Ag doped (0<x<0.005) BSCCO-2234 sample
the behavior with reduced temperature ofS(«) and s~«! is
similar for all samples and independent of Ag additio
However, the changes in the amplitude ofDs~«! are larger
than in DS(«). Which confirm thatS(T) is less sensitive
thanr(T) to the inhomogeneities produced by Ag doping

The OPF effects on theS(T) are driven mainly bys(T)
becauseL is nearly temperature independent, i.e., the inh
mogeneities generated by the silver addition do not aff
substantially the behavior ofL(«) in all MFR.

There exist an excellent agreement between the exp
mental results obtained forDs(«)/sB(«) and the model pro-
posed by LD. The fluctuations of the order parameter~OPF!
in MFR are substantially of two-dimensional character
low doping levels. The changes inDL(«) in MFR are soft
and their amplitude is small in agreement with the mo
proposed by Maki for layereds-wave type superconductors
The experimental resolution and the very small amplitude
L(«) in the MFR do not allow a definite conclusion abo
the pairing state of the order parameter.

For high Ag-doping levelx.0.005, the experimental val
ues ofDs/sB are not in agreement with the LD model. Th
behavior could be associated with the presence of other
fects like Maki-Thomson process.

ACKNOWLEDGMENTS

We thank C. E. Rojas for his cooperation in the prepa
tion of the samples and Professor H. Sanchez and Profe
J. Giraldo for fruitful discussions.

FIG. 5. DS and Ds as a function of reduced temperature
MFR for high Ag-doped level (x.0.005) BSCCO-2234 samples.
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