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This paper reports on detailed measurements of the thermoelectric power, S(7), and of the electrical
conductivity, o(7), in three polycrystalline YBa,Cu;0,_5 samples, all with almost the same composition
(6 0.10) and single phase to within 4%, but with different granularity characteristics. The measure-
ments were done in the temperature interval ranging from the superconducting transition (~91 K) to
300 K, and the temperature resolution was 50 mK for S(7) and 10 mK for o(7). Near the transition,
the S(7) data are corrected from the effects associated with the nonzero temperature gradient (VT <1
K cm™!) needed to perform the measurements. We also propose an empirical procedure to take into ac-
count the influence on S(T) of the structural inhomogeneities (grains, crystallites, twinnings) at long
length scales, i.e., at length scales much larger than the superconducting correlation length in all direc-
tions. From these S(7T) and o(T) data we extract, following consistent procedures, the corresponding
excesses, AS(€) and Ao (€), as a function of the reduced temperature, €. Our experimental data indicate
that in the so-called mean-field-like region (MFR), i.e., between e=~5X107° to e=~1.5X 1071, the
reduced-temperature behavior of AS(e€) is not only very similar for the three different samples studied
here, but also to that of Ao(e). In contrast, the amplitudes of AS(e) and of Ao(€) appreciably differ
from sample to sample. When analyzed in terms of the empirical picture proposed here, that takes into
account the influence on AS(€) and on Ao (e) of the structural inhomogeneities at long length scales, the
above results strongly suggest that, at least within the MFR, all the critical behavior of S(€) near but
above the transition in YBa,Cu;0,_s samples is driven by that of o(e). These last results confirm, to a
quantitative level, our earlier proposal that in single-crystal (in the ab plane) or in polycrystalline
YBa,Cu;0,_5 compounds the thermoelectric power coefficient, L(€), relating S(e) to o(e), is not
affected, to within the measurements resolution, by the presence of superconducting-order-parameter
fluctuations. The latter finding seems to be confirmed, at least at a qualitative level, by a recent theoreti-
cal calculation of AL(€) in the MFR in layered superconductors.
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I. INTRODUCTION

Until the discovery of the high-temperature copper-
oxide superconductors (HTSC), the influence of the ther-
modynamic fluctuations of the superconducting-order-
parameter amplitude (OPF) on the thermoelectric power,
S, in superconductors has remained as an interesting but
mainly academic problem."? These effects could not be
observed in bulk low-temperature metallic superconduc-
tors (LTS), mainly because their superconducting order-
parameter correlation length amplitude, £(0), was rela-
tively important, typically of the order of 1000 A. As a
consequence, the temperature range over which one
might expect to see OPF effects would be very small,! 3
orders of magnitude less than the temperature differences
needed to measure S. In the copper-oxide superconduc-
tors, however, £(0) is typically 2 orders of magnitude
smaller than in LTS (so, the coherent volume in bulk
samples is 6 orders of magnitude smaller) and the super-
conducting transition temperature is 1 order of magni-
tude higher, therefore, OPF effects will manifest them-
selves at easily accessible temperature distances from the
superconducting transition. For instance, measurements
of the electrical resistivity, p(7T), or of the magnetic sus-
ceptibility, x¥(T'), indicate that in HTSC the OPF effects
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are appreciable even 10° above the superconducting tran-
sition.*™ 13

In spite of their interest and of the above-indicated ex-
perimental advantages, the OPF effects on S(T) above
the superconducting transition in HTSC have been rela-
tively little studied until now, and the emerging picture is
rather confusing. For instance, in the case of single-
crystal and polycrystalline YBa,Cu;0,_5 and related
samples, most of the measurements indicate a relatively
rounded peak of S(7T') above the transition,'* 2% although
in some works a very sharp peak of S(7') just above the
transition has been observed.??? Some authors have
claimed that such a sharp peak is due to OPF effects,?’ al-
though it could just be a spurious effect associated with
sample temperature inhomogeneities.?° The discrepan-
cies concerning the OPF effects remain even amongst
those papers that propose a qualitatively similar rounded
S(T) peak above the transition. For instance, based on
earlier normal-state theoretical works,'%?"?* some au-
thors propose that the OPF effects cause the S(7') round-
ed peak itself.'” However, first Laurent and co-
workers'>1%2%* and then Cabeza and co-workers,!® 192
taking into account that the measured S(7') strongly de-
pends on the electrical resistivity, have proposed that the
OPF effects probably cause the rounding of the S(7T')
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peak above the transition, but not at all the peak itself,
which will be associated with transport effects in the nor-
mal phase.?6732 Nonetheless, important discrepancies
still remain between the proposals of these last two
groups in what concerns basic aspects of the OPF effects
on S(T). For example, Laurent and co-workers have
proposed two- (2D) and four- (4D) dimensional OPF in
YBa,Cu;0,_s compounds,'>'® and fractal dimensionality
in Bi-based materials.'®?* These proposals are not only
in contrast with our results on the S(T') roundings,'®!%%
but also with extensive work made in HTSC’s on the elec-
trical resistivity®® and on the magnetic susceptibility '~ '3
roundings above the transition, which clearly support the
3D and 2D nature of OPF in the mean-field region
(MFR), i.e., from approximately 1 to 10 K from the tran-
sition for, respectively, Y-based and Bi-based supercon-
ductors.

The present discrepancies on the measured S(7°)
rounding above the superconducting transition in HTSC
and on the conclusions about the corresponding OPF
effects seem to be mainly associated with (i) the sensitivity
of S(T') to compositional (in particular, oxygen content)
or structural inhomogeneities at different length scales,
from the interatomic distances (a few A) to the charac-
teristic lengths of the grains and crystallites in polycrys-
talline samples, or of the untwinned domains in single-
crystal samples (typically, 1000 A or higher),2%26736 (jj)
the presence of spurious effects associated with tempera-
ture inhomogeneities induced during the S(7') measure-
ments; and (iii) differences in the procedures followed to
extract the OPF effects from S(7T). As a further contri-
bution to the understanding of the OPF effects on S(T) in
HTSC compounds, in this paper we present simultaneous
measurements of the S(7') and p(T) roundings above the
superconducting transition in three single-phase (to
within 4%) YBa,Cu;0,_s polycrystalline samples, all
with the same nominal composition and with § <0. 10,
but having a very distinct long length scale structural in-
homogeneities. We propose, then, an empirical picture to
account for the influence on S(T') of these structural in-
homogeneities. The OPF effects on both magnitudes, ex-
tracted following consistent procedures, will be compared
together and with the existing theories.

II. EXPERIMENTAL DETAILS

A. The samples

Three batches of granular YBa,Cu;0,_g ceramic sam-
ples with 8§ 50.10 were used. All the samples were
prepared by usual solid-state synthesis procedure.’” For
the first batch of samples (noted Y1), constituent oxides,
mixed in a stoichiometric ratio, were heated at 950 °C for
24 h. The product was powdered, pelletized, and sintered
at 900°C for 6 h in an oxygen atmosphere and then
cooled to 200°C without cutting the oxygen flow. The
material was maintained at this temperature for 2 h. For
the second batch of samples (Y2), the constituent oxides,
mixed in a stoichiometric ratio, were finally treated in air
at 400°C for 7 d, followed by quenching in liquid nitro-
gen. The third batch of samples (Y3) was prepared in the

same way, except that the final product was slowly cooled
down in air atmosphere.

All the samples are single phase within 4% as shown
by x-ray analysis. Optical microscopy measurements and
scanning electron microscopy (SEM) show that the typi-
cal grain and crystallite sizes of our polycrystalline sam-
ples are 1-20 um. The crystallites show also a high den-
sity of twin boundaries at a length scale larger than 1000
A. The main structural difference between the various
samples concerns the pores between the grains. In some
of the samples these pores are relatively important, and
they gave the same length scales as the grains and crystal-
lites. This porosity reduces the sample average density to
80% of the ideal one, and also contributes to increase the
normal resistivity by 1 or 2 orders of magnitude that of
single crystals, p,,. The average density of the less
porous sample is of the order of 90% of the ideal one,
and p(T) in the normal state is only a few times larger
than p,,(T). In contrast with these important resistivity
differences, the amplitude of S(T) for the different sam-
ples is always of the same order of magnitude as S,,(7T)
in single crystals (see later).

B. Experimental method and apparatus

We first recall that the absolute thermoelectric power S
may be easily defined through Jy, the number current
density,3®

o oS

—Jy=—Vu+—VT, 1
NT VRV (1)

where e is the carriers’ electric charge, o is the electrical

conductivity, VT is the temperature gradient, and

p=p.tu, @)

where p, is the chemical potential and pu, = —eV,, with
V, being the ordinary electrostatic potential. To measure
S, we employ the standard dc differential method under
the condition Jy =0, which yields,39

AV 1 T+AT/2
—_—=— S(T'")dT’
AT AT Y 1-aTn2 ("
1 T+AT/2Sleads(T,)dT, ’ 3)

—A? T—AT/2

where AT and T are, respectively, the difference and the
mean between both sample end temperatures, and AV is
the potential difference between leads (hot branch minus
cold branch) measured at the voltmeter terminals. Since
S'eags (in our case copper) is nonsingular at liquid-N, tem-
peratures and above, one can approximate for moderate
temperature differences

1 T+AT/2

Su(T)= AT Y 1-ats2 S(TrHdT
AV
leeads(T)_—A_T ’ 4)

from which one can obtain the measured (average) ther-
mopower, Sy, once S).,4 is known. Note that AV /AT
and, therefore, S),(T) do not depend on the sample
geometrical parameters. In other words, the determina-
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tion of the absolute thermopower does not need the de-
tailed knowledge of the sample geometry, in contrast
with, for instance, the experimental determination of the
sample electrical resistivity. We will see in Sec. III that
this is an important advantage in the case of polycrystal-
line samples, where some undetermined porosity may be
present.

The unavoidable use of a small but finite-temperature
gradient to obtain the intrinsic thermopower, S(T), is ir-
relevant when S(7') has a mild temperature dependence.
However, such a temperature gradient may introduce
spurious differences between Sy, (T) and S(T) near the
superconducting transition.!>* To obtain S(7) from
Sy(T), ie., to eliminate the spurious effects generated
near the transition by the finite-temperature gradient, we
have used a numerical procedure. Essentially, this pro-
cedure consists in inverting Eq. (4) and recasting it into
the form

S(T—nAT)=S(T)—AT 3, M
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where m and n are integers. This expression relates S(7T)
to S(T—nAT) through the derivatives of the measured
thermopower. Its application entails the following steps.
First, we take T to be a fixed temperature well above the
superconducting transition (say 110 K in our case) where
one can neglect the nonzero temperature gradient effects
on S(T), i.e., where one can assume S(7T)=Sy(T).

Then, the evaluation of the derivatives dS),/dT
at the discrete temperatures T —AT/2—mAT
(m=1,2,...,n—1) yields directly S(T—nAT). Recon-

struction of S(T') is accomplished by sweeping in n, so
that T—n AT spans in temperature the entire transition.
Note that this procedure [from Sy, (T) to S(T)] is just
the reversed one [from S(T) to Sy(T)] reported by
Laurent and co-workers in order to single out the effects
of the AT-induced spurious rounding. '’

The samples, with typical size 10X2X1 mm?, were
mounted on a specially designed sample holder assembly
made up of copper. The schematic diagram of the low-
temperature portion of the apparatus is shown in Fig. 1.
As illustrated in this figure, the HTSC sample was fixed,
symmetrically, between two microheaters with help of a
spring arrangement. The main microheater was fixed
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with a isolated PVC plate, whereas the auxiliary mi-
croheater was fixed at a copper block. The sample holder
assembly was placed in a stainless-steel cavity and the
cavity was in contact with the cold tip of the cryostat.
The microheaters were made by winding insulated con-
stantan heater wire (diameter 0.1 mm) on small alumi-
num blocks and they were capable of giving several mW
power. In order to avoid heat losses due, for instance, to
radiation, the microheaters were embedded in teflon.
General Electric Varnish 7031 was applied at both ends
of the sample for better thermal contact with mi-
croheaters. The required temperature gradients across
the sample was created by adjusting the current in the
microheaters.

Two copper-constantan thermocouples (type T'), cali-
brated with a RhFe thermometer, were used to monitor
the temperature gradient across the sample. As an aver-
age sample temperature, we use the half of the sum of the
temperatures measured by these two thermocouples.
Two platinum resistance thermometers were also used to
control the sample end temperatures. A pair of copper
leads (diameter 0.1 mm), attached to the sample with a
minute amount of silver paste (Dupont 4929), were used
to record the thermal voltage. The temperature
difference was kept to within 0.5-1 K cm ™! and we have
checked that AV /AT is constant over that temperature
gradient range. The temperature sweeping rate was
about 5 K/h. An automated data acquisition system
comprised of 81 digits voltmeter with scanner and con-
troller was used for data acquisition. Electrical resistivity
of the samples was measured with a four-probe technique
using the same data acquisition system as for S. Electri-
cal resistivity and thermoelectric power resolutions were,
respectively, 1luQcm and 0.1 uVK ™! Temperature
resolution was 10 mK for p(T) and 50 mK for S(T').
Last, measured S data were corrected from the copper
lead contribution, S|4 in Eq. (4), according to the stan-
dard tables.®

III. EXPERIMENTAL RESULTS

A. Electrical resistivity

Although this paper is centered on the thermoelectric
power, as noted before, S(T) is closely related to the elec-
trical resistivity p(T'). So, in this section we will start by
summarizing our results on p(T). Figures 2(a) and 2(b)
show the temperature dependence of the measured elec-
trical resistivity of the three samples studied here. The
most relevant general characteristics of these p(T') curves

5335
3 : . ’ '
L 410
2.5 @ Y2
o A ls
: — BACKGROUND §
_. J
16
% 1.5r REGION C}é
Q. - =
1F s 1a
S N
ST s 12
0.5 mnmenen =
0 . = = , = .
50 100 150 200 250 300
T(X)
2 . . i ‘
A Y] ““AA‘AAAAAAAAG
AAA = 4
Y2 aaas
150 ® £ A
—~ " Y3y 4 R
g a 1, &E’
% ir a 2
S Q.
a A ........:'-------
0.5F :33 § S la
J;:.Ill.llllll.%.llI(I_;_IIIIII
£- MR = (b)
omnman bt = L LS . .
85 90 95 100 105 110
T(XK)

FIG. 2. Temperature behavior of the measured electrical
resistivity of the three samples studied here. The solid lines
represent the background resistivity fitted in the indicated re-
gion. (a) Over the entire temperature region measured. (b)
Near the transition, showing the mean-field region (MFR) of
sample Y2. Note that sample Y1 is scaled to the right axis in
both figures.

are summarized in Table I. The notation is the same as
in Refs. 8 and 9. In particular, dp/dT is the slope of
p(T') between 150 and 250 K, a temperature range where
p(T) may be fairly well approximated by a straight line
with dp/dT >0, i.e., where the resistivity of the three
samples shows metallic behavior. 7, is defined by
p(T,)=0, to within the measurement resolution. T¢; is
the temperature where p(T') around the transition has its
inflexion point, and AT, is the upper half-width of the
resistive transition® (see later). Note that, whereas T, will
be appreciably affected by the granular nature of our

TABLE I. General electrical resistivity (p) characteristics of the samples. T, is the upper tempera-
ture where p(T)=0, T¢; is the temperature where p(T) has its inflexion point, AT, is the upper half-
width of the resistive transition, and p and p, are coefficients associated to the sample polycrystallinity.

The meaning of the other parameters is evident.

Sample p (300 K) T, Ter p(Tep) AT (dp/dT)rs 150k P Pet
(mQ cm) (K) (K) (m{) cm) (K) (uQecmK™) (10%) (u cm)

Y1 10.5 89.6 91.3 2.3 0.4 21.5 2.0 53

Y2 1.56 90.6 91.1 0.3 0.3 4.2 11.9 36

Y3 0.81 89.5 90.5 0.2 0.2 2.1 22.7 39
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samples, T; is expected to be close to the mean-field-like
normal-superconducting transition temperature of the
grains.®% 1240 8o, the differences in T, for the various
samples in Table I are probably due to small differences
in their oxygen content. Much more important are the
differences in their normal dc resistivity, p(300K), or in
the temperature slope of p(T') in the normal region far
away from T;. These last differences may be easily ex-
plained in terms of a phenomenological picture, similar
to that first proposed by Kirtley and co-workers for
granular low-temperature superconductors,*! that takes
into account the presence in our granular samples of
structural inhomogeneities at length scales much bigger
than any characteristic length relevant for OPF as, for in-
stance, the superconducting correlation length in all
directions, &(T'), the effective interplane (CuO,) dis-
tances, d,, or the electrical carriers mean free path, 139
In this picture, above T, each crystallite is supposed
then to behave as a (random oriented) single crystal. The
measured resistivity above T¢; and in zero applied mag-
netic field, p(T'), is related to the intrinsic resistivity in
the ab plane of an ideal single crystal, p,;,, by®*°

p(T)Z%[pab(TH-pct] . ©)

The fact that p(T') depends only on p_,(T) is because the
resistivity in the c direction is orders of magnitude larger
than in the ab plane.®” In Eq. (6), p (0 <p <1) is associat-
ed both with a reduction of the cross-section area of the
sample, due, for instance, to sample porosity, and with a
path lengthening due to the random orientation of the ab
planes of the different grains or twinning domains. p, is
an average resistivity that accounts for the contact resis-
tance between different long-scale sample domains
(grains, untwinned domains, etc.). The differences in p in
Table I are, therefore, mainly correlated, as indicated be-
fore, with sample porosity differences. The way we have
rewritten Eq. (6) (compare with the equivalent expression
in Refs. 8 and 40) is to emphasize the fact that the inter-
grain electric contact resistances of the three samples
studied here must be relatively similar. This qualitative
conclusion is in good agreement with the p  values of
Table I. Indeed, p below T;; must become temperature
dependent, in order to get p(7,)=0. In that case, Eq. (6)
clearly shows the distinct nature of T, and T; in granu-
lar samples: whereas T¢; concerns only the term p,, (T)
associated with the grains, T, concerns p (7).

The coefficients arising in the measured electrical resis-
tivity and associated with the sample polycrystallinity, p
and p, are extracted for each sample by comparing its
normal resistivity far away from the transition
(150=T =250 K), to avoid the presence of critical phe-
nomena,® with the resistivity in the ab plane of a single
crystal (p=1, p,~O0) of the same composition. The
available p,, (T') data in different single crystals are well
fitted, in this background region, by® 742

ParpT)=C,+C,T , )

with C;=(5+15)uQ cm, and C,=(0.5+0.2)uQcmK !,
which corresponds to the average values from the data of
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Refs. 6, 7, and 42. We note that in some cases, in partic-
ular for polycrystalline YBCO samples with oxygen
deficiencies bigger than §=0. 15, the normal resistivity is
much better fitted (always in the same background tem-
perature region) if a 1/7 contribution is added in Eq.
(7). Such a “semiconductor” behavior has been earlier
proposed by Anderson and Zou* to take into account the
scattering mechanism in the transport between ab planes.
However, recent measurements in fully oxygenated single
YBCO crystals show that even p, (the resistivity in the ¢
direction) has an almost linear temperature dependence’
and, therefore, the 1/T contribution is probably, in the
case of these samples, nonintrinsic. It must be stressed,
anyhow, that the precise functional form of p,,5(T) has a
relatively small influence on the extraction of the critical
contributions.®**° This is because when analyzing criti-
cal phenomena, the precise choice of the background
should be of small relevance provided that a high-quality
fitting in a wide T region is realized and also that the ex-
trapolation through the transition is smooth.*

In Figs. 3(a) and 3(b) we present the p,,(T) curves ex-
tracted from the p(T) data given in Figs. 2(a) and 2(b) by

160 : T
120} |
E S
o =
o] 80 S 4
&2 . =
= paba(T) - S
5 S =
< = =
0} r S BACKGROUND = ]
4 S REGION =
3 S S
. S s @
0 * - A
0 100 200 300
T (K)
. : - ~ ——
601 4
PabB(T)
~
_ 45t S
; =
2 30} . S
3 S S
a = =
= MFR =
15} = = 4
o= S
2= = (b)
] S =
0 P 1 1 - 1 1
-5 0 5 10 15 20 25
T-Tey (K)

FIG. 3. Temperature behavior of the intrinsic electrical resis-
tivity, extracted from the measured resistivity for each sample
used here. The coefficients for the intrinsic background are,
C,=0and C,=0.5 uQ cm K. (a) General view. (b) Near the
transition, showing the average mean-field region (MFR) for the
three samples. The solid line through the points is the best fit of
the Lawrence-Doniach approach, Eq. (41). See main text for de-
tails.
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using Egs. (6) and (7), the corresponding p and p., values
being those given in Table I and with C;=0 and
C,=0.5uQcmK™!. As expected, the p(T) measure-
ments in the three single-phase samples having the same
nominal composition but very different long-scale
structural inhomogeneities lead, to within the experimen-
tal uncertainties, to the same p,,(T) values, which also
coincide with those measured in the best single-crystal
samples®”* over the whole temperature range above
T¢;- So, the dramatic differences for the paraconductivi-
ty in the ab plane, Ao, (€), among some of these
works,”*? with one on one side and our results on the
other, are just due to differences in the extraction of
Ao, (€) from the same p,,(T) curve. These differences,
which have been described in Ref. 9, are mainly associat-
ed with the arbitrary use, in some of these works, of a
free background and a free mean-field critical tempera-
ture, T, (see later).

B. Thermoelectric power

Figures 4(a) and 4(b) show the temperature dependence
of the thermoelectric power in the zero temperature gra-
dient limit, S(T'), for the same three samples as the p(T')
curves in Figs. 2(a) and 2(b) (with similar, but open, data

5+
4
Al ]
i 3 ]
2
» 2r 3 ]
2 BACKGROUND =
1f 3 REGION S 1
0 P - 1
50 100 150 200 250 300
T (K)
4 T T T T
(b) fnuuuﬂﬂﬂﬂnuunnnnnunu
Og
. o AAAAAAAAAAAAAAAAAAAAA:AUEEEMMJ
- a :?oocoooooooooooooo
M . S S
- o= = |
el 8= S
by ad = = A Yl
) MFR
s u: Y2 A
ﬁ; S Y3
0 Mﬁ . — .
85 90 95 100 105 110

T K)

FIG. 4. Temperature behavior of the thermoelectric power
of the three samples used here. The solid lines represent the
S(T) background, fitted in the indicated region. (a) Over the
entire temperature region measured. (b) Near the transition,
showing the mean-field region (MFR) of sample Y2.
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symbols). S(T) has been obtained from the measured
Sy (T) following the numerical procedure described in
Sec. IIB. An example of the influence of the nonzero
temperature gradient on the measured thermoelectric
power near the transition is given in Fig. 5. This figure
corresponds to sample Y2 and to a temperature
difference between the sample ends of AT =2 K. We see,
therefore, that even for a relatively important AT (in
most of our measurements AT <1 K) the corresponding
corrections on S,,(T) are relatively small and, more im-
portantly, do not almost affect S(7') in the MFR. How-
ever, AT changes also slightly the temperature where
S(T) has its inflexion point, noted T23;, which we are go-
ing to use as the mean-field-like temperature for S(T')
(see later). These corrections, already introduced in the
curves of Fig. 4(b), must therefore be taken into account
to extract the OPF influence on the measured ther-
moelectric power.

The main general characteristics of the S(7T') curves in
Figs. 4(a) and 4(b) are summarized in Table II. In partic-
ular, and in analogy with Table I for p(T'), S(300 K) is
the extrapolated thermopower amplitude at 300 K, T¢ is
the temperature where S(7') becomes nonmeasurable,
TS, is the temperature where S(7T') near the transition
has its inflexion point, S(T,) is the thermopower ampli-
tude at To;, and ATZ, is the upper half-width of the ther-
mopower transition and it is defined by

das(T)

dT

as(T)

a7 (8)

1
18,818, 2 s,
The last four columns in Table II concern some thermo-
power background characteristics and they will be
defined and commented on later.

The data presented in Fig. 4 indicate that the S(T')
amplitudes of the three samples studied here differ with
each other by less than a factor of 3 over all the tempera-
ture regions studied. These amplitude differences still
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O AT=0 1
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FIG. 5. Example of the influence of the nonzero temperature
gradient on the measured thermoelectric power. The solid sym-
bols represent the measured thermopower, S,,(T), and the open
symbols have been extracted from these data by eliminating the
spurious effects due to the finite-temperature gradient used dur-
ing the measurement. See main text for details.
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TABLE II. General thermoelectric power (S) characteristics of the samples. T¢ is the temperature
where S(T) becomes nonmeasurable, T2, is the temperature where S(T) near the transition has its
inflexion point, ATE; is the upper half-width of the thermopower transition, and the parameters a, b,

and T, correspond to the background function, S(7T).

The meaning of the other parameters is evi-

dent.
Sample S (300 K) TS TS, S(TE)) AT, Sp(TE)) a b T,
(u VK71 (K) (K) (uVK™h (K) (uVK™1)  (10* uVK™2) (K)
Y1 4.8 89.3 91.3 1.9 0.5 3.8 2.26 260 16.0
Y2 2.2 899 91.1 1.2 0.4 2.9 1.09 35 314
Y3 2.1 89.8 90.6 2.1 0.5 4.5 0.95 140 259

remain relatively small when compared with S,,(T), the
thermoelectric power in the ab plane measured in single-
crystal samples of similar chemical composition.zs*32
This is in contrast with the much more important
differences for the resistivity amplitudes corresponding to
the same samples, as observed in Fig. 2, mainly when
compared with p,, (T) (Fig. 3). These qualitative results
clearly confirm that S(7') is much less sensitive than p(T')
to the long-scale structural inhomogeneities.?%267 3643
This is mainly due to the fact that, as noted in Sec. II,
S(T) is an intensive magnitude (unlike the electrical
resistance), but also because in YBa,Cu;0,_5 samples the
intrinsic thermopower amplitude is much less anisotropic
than the intrinsic resistivity amplitude,?®~2° so the effects
of the random orientation of the ab planes in polycrystal
samples are less important for S(7).

In contrast with the results for the measured ampli-
tudes, the results of Figs. 2 and 4 also indicate that the
temperature behavior of S(T) differs much more than
that of p(T') from sample to sample. In the case of p(T),
we have already seen that all the curves in the normal re-
gion well above the transition may be approximated by a
straight line, only the slopes and the constant terms being
variable from sample to sample. These results seem to be
due to the fact that, in contrast with resistivity, thermo-
power is very sensitive to short length structural or com-
positional (oxygen content) inhomogeneities, at intera-
tomic scales.?®?°73¢ Note also that the broad peak of
S(T') centered on about 230 K is also characteristic of
YBa,Cu;0,_5 compounds, and have been observed by
numerous authors,® ™ 1115212427 byt jts physical origin is
not yet totally clear. Some authors suggest that it may be
due to a phonon-drag effect.!”> However, other authors
relate it with the possible antiferromagnetic transition of
the YBCO compounds around that temperature. This
transition would originate magnetic excitations, produc-
ing then an extra contribution to the thermopower (the
so-called magnon-drag thermopower).?’ Finally, the re-
sults for T&; and T, in Tables I and II show that, in
each sample, both transition temperatures differ by less
than 0.1 K, i.e., these differences are well to within AT,
or AT¢;. This last result is illustrated in Fig. 6 for the Y2
sample.

In analogy with Eq. (6) for p(T), it will be useful to
phenomenologically explain the above results for S(7T') by
introducing an empirical relation between the measured
thermopower in single-phase granular samples, S(T),
with the intrinsic themopower in the ab plane, S,,(T), in

an ideal single crystal of the same nominal composition.
For that purpose, we may assume first that in measuring
S, an intensive magnitude, the random distribution of the
ab planes and ¢ directions of the grains, crystallites, and
untwinned domains in a polycrystalline sample is
equivalent to a sample having ab and ¢ paths in parallel.
So, by applying Eq. (1) under the condition J, =0, the
equivalent thermopower, S, is easily found to be*®
Se— Sabaab +Scac zsab ,
o to,

where we have assumed o, >>0,,%7 whereas S,;, and S,
are of the same order of magnitude in YBa,Cu;0,_g sam-
ples.?®?° Now, the differences between S and S° are due
to the presence in the real granular sample of intergrains
and interfaces having some effective thermal resistivity
and thermopower. We may thus suppose that only a
fraction, p*AT of the temperature difference AT used to
measure S drops within the intragrains, the other faction,
(1—p°)AT, being associated with the intergrains and in-

terfaces. Therefore, S(7T) may be crudely related to
S (T) by
S(T)=p’S,,(T)+S (T), 9

where p* (0<p®=1) is the coefficient that takes into ac-
count the relative gradient temperature distribution be-
tween intragrains and intergrains, S, =(1—p°)S¢ will be
the contribution to S(T) associated with the sample in-
terdomains (grains, crystallites, untwinned regions), and
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FIG. 6. Resistivity p(T') and thermopower S(T') of sample
Y2 around the superconducting transition.
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S¢, is the “effective” thermopower of these sample inter-
faces. The possible presence of small inhomogeneities
(structural or compositional) at short length scales will
also arise through S¢,.

Note that p* will depend on S&(7T) and on the in-
tragrain and intergrain thermal conductivities and, there-
fore, p° will have a weak T dependence. For T<T¢, S,,
must vanish. On the other side, to take into account that
TS, (=Tc;) is almost the same for the different samples
having the same nominal composition, one must assume
dS (T)/dT <<dS,,(T)/dT near but above the transi-
tion. So whereas the amplitude differences between S(7')
and S,,(T) will be due to both p* and S (T), variations
in the temperature behavior will be mainly associated
with S (7). We will see in Sec. IV that the decomposi-
tion of S(7T') indicated by Eq. (9), although somewhat ar-
bitrary, is very useful to describe some qualitative aspects
of the OPF influence on S(T'). Equation (9) is also useful
to describe an important difference between p(7T) and
S(T): As indicated in Sec. III B, it is possible to extract
the whole p,,(T') curve for T > T, from the p(T) data if
Pap(T) is known in the normal (background) region. This
is because p and p. in Eq. (6) are temperature indepen-
dent, but it is not the case of S in Eq. (9), which will
have an unknown temperature dependence. We thus can-
not extract S,,(7T) from our data in granular samples.
Another qualitative difference between p(7) and S(T)
will arise through p and p*: As S(T) is an intensive mag-
nitude, p® in Eq. (9) is expected to vary from sample to
sample much less than p in Eq. (6) because S(T) will not
be, as noted before and unlike the measured sample resis-
tance, R(T), sensitive to the reduction of the effective
sample section, caused, for instance, by sample porosity.

Let us now introduce a possible functional form for
S(T) in the normal region, far away from the transition
(to avoid the presence of critical phenomena) as it will be
used as background in the extraction of the excess ther-
mopower (see next section). Amongst the various possi-
ble functional forms for the thermopower background,
Sp(T), for Y-based compounds, we have chosen that pro-
posed in Ref. 47,

T/T,

Sp(T)=aT(1+be "'°), (10)

where a, b, and T, are free parameters. We do not claim
this functional form to represent better than other the
physics of thermopower of the YBCO system in the nor-
mal state, but, as indicated before for pz(T), Eq. (10)
gives a high-quality fitting in a wide T region well above
the transition. As our previous p(T') results strongly sug-
gest that the OPF effects in YBa,Cu;0,_g5 compounds
are not appreciable above 120 K,%%1240:48 £q (10) has
been fitted to the measured S(T') over the temperature in-
terval 120-220 K. Note that by approaching the back-
ground region to the transition it is possible to better take
into account the rounded peak near T2, associated with
transport effects in the normal phase. As can be seen in
Fig. 4(a), the fit quality is excellent, the rms being for the
three samples less than 4%, including the experimental
errors. The corresponding a, b, and T, values are given
in Table II. Note, finally, that Eq. (10) will correspond to
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the measured thermopower background in our polycrys-
talline samples. This is in contrast with the resistive
background for our samples, which is obtained from
Papg(T) of an ideal single crystal [Eq. (7)] through Eq. (6).
In the case of thermopower, the relationship between
S(T) and S,(T) [Eq. (9)] contains the unknown
temperature-dependent term, S (7T), and a possible ex-
pression for S,,5(T) cannot be directly used to analyze
our samples.

IV. DATA ANALYSIS

A. General aspects

To analyze the rounding effects of S(7') and o(T)
above the superconducting transition observed in Figs.
2-6 and, in particular, to compare these effects with the
existing theoretical approaches on the influence of the
order-parameter fluctuations on these quantities, we must
introduce the measured excess thermoelectric power,
AS(€), and the measured excess electrical conductivity
(the so-called paraconductivity), Ao (€), defined by

AS(e)=Sg(e)—S(€) (11)
and
Ao(e)=o(e)—opg(e), (12)

where S(€) or o(€) and, respectively, Sgz(€) or o z(€) cor-
respond to the measured and background magnitudes
defined in the foregoing section. Here € is the reduced
temperature defined as
T—T¢
€= lnls = —~——S—£I- (13)
T T

in the case of AS(¢€), and as

e=Eln—=—7r7 (14)

in the case of Ao(e). Note that for each sample both re-
duced temperatures are, as expected, very close to each
other (see Tables I and II), the small differences being due
to experimental uncertainties and spurious effects.

In Figs. 7 and 8 we show two different representations
of both measured excesses. AS(€) has been obtained by
using in Eq. (11) the S(T) data of Figs. 4(a) and 4(b), and
with Sp(T) obtained from Eq. (10), with the values of
Table II for the corresponding free parameters. Ao(€)
has been obtained by using in Eq. (12) the p(T) data of
Figs. 2(a) and 2(b), and with ox(T) [=1/py(T)] ob-
tained directly by linearly extrapolating through the tran-
sition the measured p(T) in the normal region above 150
K.

Before comparing Ao(e) and AS(e) with each other,
we must already stress here that Figs. 7 and 8 show two
important and complementary results: (i) The amplitude
of AS(e€) and, independently, of Ao(€) varies from sam-
ple to sample. (ii) The log,ye behavior of Ao (€) and, in-
dependently, of AS(e) is, to within the experimental un-
certainties, similar for the three different samples over all
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FIG. 7. Excess thermoelectric power vs reduced temperature
for the three samples used here. (a) AS vs T—T2,. The average
mean-field (MFR) for the three samples is indicated. (b) log-log
plot.

the temperature ranges examined. These results clearly
suggest that the presence of structural inhomogeneities at
long length scales modifies the measured excess ampli-
tudes of both observables, mainly in the case of Ao (e),
but has a negligible influence on their temperature behav-
ior. In the case of paraconductivity these results for
single-phase polycrystalline samples were first presented
in Ref. 48 and explained on the grounds of Eq. (6) in Ref.
8. Before analyzing the corresponding results for AS(e),
let us summarize here the phenomenological explanation
for Ao (e).

By applying Eq. (6) to the background region, we ob-
tain
1
p
where pp(T) is the measured background (normal) resis-
tivity of a polycrystalline sample and p,,5(T) is the back-
ground resistivity in the ab plane of an ideal single crystal

of the same composition. By combining Eqgs. (6), (12),
and (15), we obtain

pe(T)=—[papp(T)+pu], (15)
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FIG. 8. Excess conductivity (paraconductivity) vs reduced
temperature for our samples. (a) Ao vs T—T¢;. (b) log-log
plot. The average mean-field region (MFR) for the three sam-
ples is indicated.

plelpple)
F(e)= (17)
[ple)—p./Pllps(€)—pe/pP]
and
Aoab(e)zgab(e)_aabB(e) (18)

is the paraconductivity in the ab plane of the ideal single
crystal. Over the entire mean-field region, i.e., approxi-
matively between T;+1 K and T +11 K (see later),
F(e) will change very slowly as a function of € and, there-
fore, it may be approximated as a constant. For instance,
over the above indicated temperature interval, in the case
of sample Y1, 295 F(e)<3.5 whereas 3.1 5F(e)<4.0
for sample Y3. So, Eq. (16) fully explains the above-
indicated results for Ao (€). In particular, from Eq. (16)
we have

log pAc (€)= 1og10~1F1+ 10810A0 4 (€) (19)

where the first term on the right-hand side of this equa-
tion is sample dependent but almost temperature in-
dependent, in full agreement with the results shown by
Fig. 8(b). So, concerning Ao (e€) in the MFR, Eq. (16) in-
dicates that, in agreement with experimental results, (i)
the reduced temperature dependence of Ao(e) in all
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single-phase granular samples of the same composition
must be similar to each other and also similar to that of a
single-crystal sample in the ab plane; (ii) in contrast, the
amplitude of the measured excess conductivity will be
p/F times that of the corresponding single-crystal sam-
ple. Finally, for completeness we present in Figs. 9(a) and
9(b) two representations of Ao, (€) extracted from the
p(T) data of Figs. 2(a) and 2(b) by using Eq. (16). Indeed,
the same results may be obtained directly from the data
points of Figs. 3(a) and 3(b) by using Eq. (18).

The results of Figs. 7(a) and 7(b) for AS(T) summa-
rized before may also be explained on the ground of the
empirical picture introduced in Sec. III. By applying Eq.
(9) to the background (normal) region, we obtain

Sp(T)=p*S,,z(T)+S(T), (20)

where Sp(T') is the measured background thermopower
of a polycrystalline sample and S,,;(T) is the back-
ground thermopower in the ab plane of an ideal single
crystal of the same composition. By combining Egs. (9),
(11), and (20), we obtain

AS(e)=p°AS,,(€), 21
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FIG. 9. Intrinsic paraconductivity vs reduced temperature
extracted from the three samples used here. The solid line is the
best fit of the Lawrence-Doniach approach in the indicated
mean-field region (MFR). (a) Ao, vs T—T¢;. (b) log-log plot.
The Ao, /0,5 limits of the average mean-field region (MFR)
for the three samples are also indicated.

where
ASab(e)ESabB(e)_Sab(e) (22)

is the thermopower excess of the ideal single crystal in
the ab plane. We see, therefore, that AS(€) and AS,, (€)
are related through a sample-dependent, but almost
temperature-independent parameter, p°. Also, due to the
intensive character of thermopower, p* will change rela-
tively little from sample to sample [in contrast with the
parameter p associated with Ac(€)]. The amplitude of
AS(T) will thus change moderately from sample to sam-
ple. These results from Eq. (21) are in agreement with
the experimental findings illustrated by Figs. 7(a) and
7(b).

An important difference when analyzing Ao(€) and
AS(€) in polycrystalline samples, already noted in the
foregoing section for p(T) and S(T), is associated with
the distinct behavior of p, and S (T) in, respectively,
Egs. (6) and (9). In the expression relating p(T) to
Par(T), both p and p,, are temperature-independent pa-
rameters and, therefore, they may be easily obtained by
comparing pg(7T) with the available p,,z(T) in the back-
ground (normal) region: p is directly related to dpg /dT,
whereas p_, is related to the pp(T) amplitude. In fact, p
may be approximated as pp(T¢;),® and the knowledge of
dpap/dT will suffice to determine p,,(T) from p(T)
over the entire temperature range above T;. The situa-
tion is more complicated in the case of S(7) because
S.(T) is, as noted before, temperature dependent. So, p*
and S (7) cannot be disentangled by comparing Sg(T)
with the available S,,5(7) data. p°® could be estimated
only if S,,(T) in a single-crystal sample with identical
chemical composition is known. However, we must
stress that the results of Fig. 7(b) confirm, to within the
experimental uncertainties, the correctness of Eq. (21),
and also show, when compared with Fig. 8(b), that p°*
changes much less from sample to sample than p. Fur-
thermore, Eq. (21) suggests that the reduced temperature
behavior of log;,AS(€) in Fig. 7(b) will be close to that of
logpAS,, (€).

B. Thermoelectric excess versus paraconductivity

As it is well known from irreversible thermodynamics,
for small temperature gradients the (measured) ther-
moelectric power and the (measured) electrical resistivity
are linearly related through the so-called thermopower
coefficient, L(T'), which may be defined as’®

L(T)=S(T)o(T) . (23)

We will assume here that this very general result, in-
dependent of any detailed model, applies for HTSC over
all the region above the superconducting transition, even
in the presence of OPF effects. The basic question is then
how L (T) above, but near the transition, is affected by
OPF. The natural and direct way to answer this question
is to proceed as in the case of S(7T') and o(T), i.e., to in-
troduce the (measured) background thermopower
coefficient, Lz (T), by
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Ly(T)=S,(T)oy(T) , (24)

where Sp(T) and o5(T') are the background magnitudes
defined in the foregoing section. Lyz(T') is then the ther-
mopower coefficient near the transition but in the absence
of OPF effects. From Egs. (23) and (24), we may define
the (measured) thermopower coefficient excess, AL(T), as

AL(T)=L(T)—Lg(T)=S(T)o(T)—Sg(T)og(T) .
(25)

The next step will be to relate AL(T) to AS(T). This
can be directly done by using the definitions of AS and
Ao given by Egs. (11) and (12), to obtain

AL(e)=Sg(e)Ao(e)—o(e)AS(€), (26)

which can be rewritten as

AL(e) _ Ao(e) _ _oa(e) AS(e)
Lgz(e) ople) opgle) Sple)

) 27

where, by convenience, we have used € instead of the ab-
solute temperature. Let us stress that these expressions
for AL(€) are very general and do not depend on any par-
ticular model for the excesses of the three quantities in-
volved, S(e), o(e), and L(€). Equations (23)-(27) con-
cern, as noted already, the measured magnitudes. How-
ever, the same procedure applied to the magnitudes for
the ab plane of an ideal single crystal leads to

AL, (€)=L,,(€)—L,,5(e)
:SabBAaab(e)_aab(€)Asab(E) , (28)

which may be seen as the limit of Eq. (26) to the ideal
single-crystal case.

In Figs. 10(a)-10(c), we plot the two contributions to
AL /Ly in Eq. (27), Ao /og and (0 /0p)AS /Sy, as a
function of log,qe. For the three polycrystalline samples
studied here, having similar composition but different
granularity, both terms have very similar amplitude and
reduced-temperature behavior, over all the € range exam-
ined. Therefore, as shown also in these figures, AL(€),
the corresponding thermopower coefficient excess, is tem-
perature independent, and it has a very small negative
amplitude which may be approximated as zero to within
the experimental uncertainties. Note that the € range
studied here spans all of the MFR. As this result is found
for three samples having different structural inhomo-
geneities at large length scales, it seems that we may con-
clude that such a behavior is intrinsic to YBa,Cu;0,_;
samples, and also that AL, (e€)=0. In other words, these
results fully confirm at a quantitative level our previous
experimental findings for YBCO (Refs. 18 and 19) or Bi-
based samples,'® and strongly suggest that the critical be-
havior observed for S(€) in the MFR will be essentially
due to o(e). The thermopower coefficient, L, of YBCO
samples above the superconducting transition will not be,
to within the experimental uncertainties, affected by
OPF.

In addition to the intrinsic interest in analyzing the
OPF influence on the HTSC properties above but near
the superconducting transition (see also next subsection),
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the result AL(€)=0 also has interesting implications for
S(€) or L(€) over the entire region where AS(€)7#0. By
imposing AL(e)=0 [and then AL, (€)=0] in Egs. (26)
and (28), and using Egs. (6), (15)—(17), and (21), it is easy
to obtain

L(T)=p°pL,(T), (29)
and from Eqgs. (6), (9), (23), and (29)
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FIG. 10. Normalized excess of S(7') (open symbols), o(T)
(solid symbols), and L(T) (dotted symbols) vs the logarithm of
the reduced temperature for, respectively, samples (a) Y1, (b)
Y2, and (¢) Y3. In each figure, the solid line is the best fit of the
LD approach to the normalized paraconductivities in the indi-
cated mean-field region (MFR).
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near the superconducting transition vs reduced temperature for
the three samples studied here.

Pe
S (T)= p‘

L(T) . (30)

These expressions being, indeed, applicable near the tran-
sition, in the region where AS+0 and Aoc+0. In addi-
tion, we must note that probably both expressions are
more severely affected by the various simplifying approxi-
mations involved in our empirical pictures of p(7") and
S(T), due to the condition AL (€)=0 used in their deduc-
tion. However, they may serve to check, at least qualita-
tively, these pictures. In particular, Eq. (29) predicts
that, near the transition, the € dependence of the ther-
moelectric coefficient will be the same for all the samples
with similar composition, independently of their long-
scale structural inhomogeneities. This prediction is fairly
well confirmed by the experimental results of L(T)
presented in Fig. 11. These data correspond to the three
YBCO samples studied in this work. Furthermore, the
results of Fig. 11 show important differences in the am-
plitude of L for the various samples, much more impor-
tant than those of AS(T) [see Fig. 7(b)]. These amplitude
differences may also be easily understood at a qualitative
level by comparing Egs. (21) and (29): in the case of L, the
amplitude differences are mainly associated with those of
p, which varies much more than p® from sample to sam-
ple [see Table I for p; the relative p° from sample to sam-
ple may be qualitatively deduced from Fig. 7(b)].

C. Comparison with other experimental results on AS and AL

The differences and similarities of our results to other
authors’ involve, of course, the following main in-
gredients: original S(7T) data, background function
choice, and excess analysis. We are going to comment
briefly here on the analyses and results from the only
three groups known to us that have studied experimental-
ly OPF effects in single-crystal and polycrystal
YBa,Cu;0,_s compounds.! 17?2 As the data are con-
cerned, Houson and co-workers?* obtain S,,(T’) curves
that present the anomalous steep peak at the supercon-
ducting transition alluded to in the Introduction. So,
their results on AL are not comparable with ours. How-
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ever, such a peak has not been yet reproduced, and it
could be just a spurious effect.!®?® Moreover, we have
checked that our S(7') data are very similar to theirs,
once that peak is removed, as well as to the other two
groups.

In what concerns the background function used to ob-
tain AS from S(7), the discrepancies amongst these
groups increase. In the case of Dey and co-workers,!”
they chose an Sy (T) so that their S(7T') data, including
the characteristic rounded peak, lie above Sz(T'). In our
opinion there are two main drawbacks in their AS extrac-
tion. First, it leads to the existence of an appreciable
(negative) AS even at T—T2~60 K, although different
measurements of Ao (Refs. 8 and 9) or of Ay (Refs.
10-13) clearly indicate that the OPF effects are negligible
so far from the transition [see, for instance, Fig. 2(a)].
Second, the analysis of these authors entails the attribu-
tion of the characteristic rounded peak in S(7') to OPF
effects, in spite of the fact that it is commonly interpreted
as normal-state transport effects.?® 32 The background
function used by Salamon’s group?? seems unrealistic to
us since they use a temperature-independent background,
which is taken to be S(7T") at T =100 K.

Regarding excess analysis, the main difference comes
with Ausloos and co-workers.'>!® Essentially these last
authors seek the critical exponents on dAS(T)/dT and
dAp(T)/dT, instead of on AS and Ao directly. It is not
difficult to see that the critical exponents of dAp(T')/dT
are those of Ao (the quantity for which theoretical pre-
dictions are available), only as long as the € dependence
of o over the MFR is neglected, which is contradictory in
itself. On the other hand, we have seen that the pertinent
quantity for theoretical comparison is o AS rather than
AS itself (see Sec. IV B and Refs. 18 and 19).

V. COMPARISON
WITH THE THEORETICAL APPROACHES

A. Reduced-temperature location of the MFR

The comparison between our experimental data on
AS(T) and Ao(T) and the existing theoretical ap-
proaches will be centered here on the so-called mean-field
region, i.e., in the reduced-temperature range where the
time-dependent Ginzburg-Landau- (TDGL) like ap-
proaches and the Gaussian approximations for OPF in
zero applied magnetic field are expected to be applicable.
As our previous results have suggested,>%!>%° the
reduced-temperature location of the MFR may approxi-
mately be bounded through the relative paraconductivity
amplitude as*’

< Ao, (€)

1S——=50.6, (31
UabB(e)

which, in the case of the YBCO samples studied here,
will correspond, as indicated in Fig. 9(b), to
7X10735€51.3X107 . Here € is defined by Eq. (14),
with the mean-field-like critical temperature being ap-
proximated by T, (see later). The lower € limit is associ-
ated with the so-called Ginzburg reduced temperature,
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€, which for OPF in three dimensions, the case which is
expected to hold in the case of the YBa,Cu;0,_g super-

conductors,®% % is given by
2
1 k
=5 |t ren , (32)
327 | £, 200, (0)AC

where kj is the Boltzmann constant, £,,(0) and £.(0) are
the order-parameter correlation length amplitudes in the
ab plane and, respectively, in the ¢ direction (normal to
these superconducting ab planes), and AC is the specific-
heat jump at the transition. For the YBa,Cu;0,_g5 sam-
ples, the values of these parameters proposed in the
literature are®">? (see also later)

o

£,,(0)=(12+3) A,

. (33)
E.(0)=(2%+1) A,
and>?
AC=~5X10*Tm 3K !, (34)

and, therefore, from Eq. (32) we obtain
€G=~6X1072,

in excellent agreement with the lower € limit given by Eq.
(31). Above the high-temperature limit bounded by Eq.
(31), not only will the slow variation condition of the
TDGL-like theories probably fail,>>>* but also any calcu-
lation of the OPF effects cannot be trusted unless it takes
full account of the dynamic local effects.>3 > In addi-
tion, by using the accepted € dependence of the order-
parameter correlation lengths in the MFR,

E(e)=E.(0)e 172 (35)

and £,(0)=1.5 A, we see that for €20.15, £(€)$3.9 A,
this length being close to the distance between the closest
adjacent CuO, planes in YBa,Cu;0,_g5 samples (3.4 A).
Therefore, for €2 0.15 the conventional approaches for
single-layered superconductors are probably no longer
applicable (see below). For still higher reduced-
temperature ranges, £.(€) will become even smaller than
the interatomic distances. Notice that in the case of
Ao(e) and of the paradiamagnetism, the corresponding
upper half-width of the transition, AT¢; or AT,, is less
than Tg—T¢; or Tg—T¢, (see Table I). Therefore, we
have probably been able to probe the so-called crossover
and critical regions beyond the MFR, closer to the super-
conducting transition.”!>%®  Although so close to the
transition the critical exponents of both Ao, (e) and
Ax,,(€) strongly depend on the precise choice of the
transition temperature, our experimental results are fairly
well compatible with the predictions of the scaling ap-
proaches.® %36

In the case of S(€), due to the temperature gradients
needed to perform the measurements, it is not possible to
obtain AS(€) for € £0.01, i.e., for this observable we can-
not penetrate beyond the MFR, closer to the transition.
It is interesting, however, to obtain the reduced tempera-
ture location of the MFR in terms of AS(T)/Sg(T), as
was done by Eq. (31) in terms of Ao ,,(€)/0,,5(€). By
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imposing our previous experimental finding,
AL, =0, (36)
in Eq. (28), we obtain

AS,,(€) - O ppl€) Aoy (€) ’ 37)
Saps(€) Oap(€) ogppl€)
and, therefore, Eq. (31) may be rewritten as
ISMSOAS , (38)
S,pp(€)

where we have already used the experimental values
op(€)/0,(€)=0.76 or 095 for, respectively,
€=7X107° or €=0.13, for YBa,Cu;0,_; compounds.
Although we do not have access to AS,,(€) from our
measurements in polycrystal samples [in contrast with
Ao ,,5(€), see Sec. III], by using Egs. (20), (21), and (30),
we have in the MFR,

ASab(e)
S.ppl€)

AS(e)
= s 39
Sp(e)—(pu/p L 9

and, therefore, Eq. (38) may be rewritten as

AS(€)

0.1%
Spl€)=(pe/p)L

$0.45 . (40)

By using for AS(€) the results of Fig. 7(a), the values de-
duced from Eq. (10) with the a, b, and T, values of Table
II for Sg(€), the values of Fig. 11 for L, and the values of
Table I for p., we obtain for the three distinct samples
studied here, e=~8X 1073, for the low reduced-
temperature limit of the MFR, whereas €=0.12 for the
high reduced-temperature limit. The qualitative agree-
ment of these values with those deduced from Eq. (31) is
a further confirmation of the consistency of both our pic-
ture of the granularity influence on S(7') and of the con-
ditions given by Egs. (31) and (40) to locate the MFR.
Also, such an agreement seems to indicate that the use of
AL =0 in the MFR leads to qualitative but realistic rela-
tionships between S(7') and o(T) [Egs. (29) and (30)].
Concerning the MFR € limit, we may conclude here that
the above-indicated analysis suggests that in
YBa,Cu;0,_5 samples the MFR is located between
€~7X107* and €=~0.13. These are the MFR ¢ intervals
indicated in various figures of this work.

B. Background contributions
and mean-field-like critical temperature

One of the basic and very general starting hypothesis
of the theoretical approaches that we are going to use
here to analyze our experimental results (see next subsec-
tion) is summarized by Egs. (11), (12), and (25). In these
equations, which are, in fact, the definitions of the ‘“ex-
cess” of the corresponding magnitudes, it is explicitly as-
sumed that above, but near, the transition each measured
magnitude may be decomposed in two different contribu-
tions linearly additives. The first contribution, called
“bare” or ‘background,” will arise from short-
wavelength random fluctuations, and it is expected to be
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rather insensitive to the presence of the transition. The
other contribution is the so-called “excess,” and it will be
due to the presence near the transition of long-wave-
length fluctuations, with characteristic lengths of the or-
der of the order-parameter correlation lengths. The
theoretical treatments that we are going to use in the next
subsection apply to the ‘“‘excess” contribution of each
transport coefficient. As a consequence, a meaningful
comparison between the theories and the experimental
results is possible only if the background part can be es-
timated independently,’” the existing theoretical formal-
isms being unable to allow for these short-wavelength
fluctuations.®

The above paragraph attempts to outline how the
background or bare terms arise in the theoretical treat-
ments of the critical behavior around a phase transition,
and how important a proper and independent estimation
of such terms is in comparing theory with experiment. In
doing that, the fundamental and general assumption used
is that such a background remains finite at the critical
point if it is finite elsewhere.’’” A quantitative estimation
of the background terms needs, however, the help of oth-
er conjectures which will depend on each transport prop-
erty studied. In the case of the three observables studied
here, o(T), S(T), and L(T ), one looks for any functional
form, provided or not by the theory of the normal state,
that fits closely the normal-state temperature trend over a
wide temperature region far away from the transition,
and that extrapolates smoothly through the transition.*
The particular details in obtaining the normal behavior of
each magnitude have been described in the preceding sec-
tion. In the case of p(T) or p,,(T), the corresponding
backgrounds are the solid lines in Figs. 2(a), 2(b), 3(a),
and 3(b). In the case of S(T'), the corresponding back-
ground are the solid lines in Figs. 4(a) and 4(b). We must
also note here that usually the background choice is a
source of uncertainty unless a functional form for the
normal-state temperature dependence and amplitude is
firmly established. However, to our knowledge, at
present there is no alternative to the empirical procedure
summarized here to obtain o z(T) and Sg(T) indepen-
dently of the corresponding excess.”® In addition, in the
case of 0 ,,5(T), the normal behavior of o,,(T) is very
well fitted by Eq. (7) up to 75400 K.%° So, the
modification of the background estimated in the present
work proposed in other works,”** could lead to the un-
reasonable conclusion of the existence of quite apprecia-
ble OPF effects at even more than 300 K above the tran-
sition. Furthermore, as already stressed in previous
works,”* it is obvious that with a free background al-
most any theoretical excess may fit reasonably well the
experimental data, in any € region. This will, therefore,
prevent any discrimination between the different theoreti-
cal explanations of the rounding effects on p(T') near T,
in HTSC.

In the case of S(T), as a further analysis of the
influence of the background choice on AS(T), we
represent in Fig. 12(b) AS(€)/Sg(€), corresponding to
sample Y3, and obtained by using, as an example, three
different backgrounds, as illustrated in Fig. 12 (a). These
three backgrounds have been obtained using Eq. (10) but
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FIG. 12. An example of the influence of the background
choice in the excess of S(T'). (a) Three backgrounds for sample
Y3 corresponding to different b values in Eq. (10). The back-
ground temperature region of fitting is indicated. (b) Corre-
sponding normalized excesses obtained from these backgrounds
vs the logarithm of the reduced temperature. The mean-field re-
gion (MFR) is indicated. See main text for details.

with different values for b (with @ and T, as free parame-
ters): b as free parameter (solid line), which leads to the
values of Table II, and imposing b =100 (short-dashed
line), or imposing b =200 (long-dashed line). The rms fit
of these backgrounds between 120 and 220 K are, respec-
tively, 3.5, 4.0, and 4.7 %. Although the differences
among these backgrounds are relatively important, their
influence is manifest only on the AS(€) amplitude, their €
behavior remaining almost unchanged. We must note,
however, that these changes of AS(€) will change some-
what the AL amplitude [in these examples,
|AL(€)/Lg(€)| will change by less than 0.1 over the en-
tire MFR].

Let us finally recall that, as discussed in Refs. 8, 9, 12,
and 13, we do not have a direct experimental access to
T ¢o, the mean-field-like critical temperature. However, it
seems reasonable to expect that T, will be inside
Tc;+=ATcy, as defined before. This is also suggested by
the fact that, in single-phase samples, Tc,, the tempera-
ture where the magnetic susceptibility goes through zero,
is found to be within T¢;+AT;.'>!* Such an agreement
has also been found here between T; and T2, (see Tables
I and II and Fig. 6), as was also noticed in Sec. III. So, in
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the remainder of this paper we are going to approximate
Teoby Tey.

C. Comparison with the existing theoretical approaches
in the mean-field region

We have seen before that our experimental results
clearly suggest that all the OPF influence on S(T') arises
through o (7). We will thus start the comparison of our
experimental results with the available theoretical ap-
proaches for Ao(e). In previous works,®% %13 we have
found that in the MFR the reduced-temperature behavior
of Ao(e) for different HTSC families is fairly well ac-
counted for by the Lawrence-Doniach (LD) like exten-
sions>®1 7 to layered materials of the Aslamazov-Larkin
results*® for OPF effects on p(T) in isotropic supercon-
ductors. The LD model consists of superconducting
planes separated by an effective distance, d,, with a
Josephson coupling between planes.®! In zero applied
magnetic field, it is reasonable to suppose that the fluc-
tuations do not interact, so that each order-parameter
component will have independent fluctuations which may
be approximated as Gaussian. In this Gaussian approxi-
mation and independently of the type of pairing state or
of the number, n, of real components of the order param-
etert!—63
~1/2

, (41)

A
Ao, (€)=—2 [1+£
€ €

where
2

2.0 42)

d

e

and where £.(0) is the superconducting correlation
length amplitude of the order parameter normal to the
superconducting planes (in the ¢ direction normal to the
ab planes, in the case of the copper-oxide superconduc-
tors). In the original LD model,®! d, was the geometric
distance between superconducting planes. However, in
the most general situations (and, in particular, in the case
of the copper-oxide superconductors, see later), ine-
quivalent conducting layers at different distances may ex-
ist and the effective Josephson coupling between planes
may be different. Therefore, d, may differ from the
geometric interplane distances, although it must be a sub-
multiple of the unit-cell length, s, in the ¢ direction.®
This situation, together with the fact that pair-breaking
effects could also contribute to Aco(e€), has made it
difficult to conclude on the precise d, values.®>® Howev-
er, recent measurements in different HTSC systems9 and,
mainly, measurements of the susceptibility rounding (not
affected by pair-breaking effects) in the same HTSC com-
pounds,'? strongly suggest that in the case of YBCO sam-
ples d, may be approximated as s. So, in the remainder
part we will use s instead of d,.

A crucial feature of Eq. (41) is that its amplitude pa-
rameter 4, depends on the type of pairing state, on the
number » of real components of the order parameter, and
on the number N of conducting layers per unit-cell
length, s. So, A, may be expressed as® ~636°
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A,=gNA, , (43)

where g is the number of complex components of the su-
perconducting order parameter (g =n /2),°>% and

62

A= Tesis
is the Aslamazov-Larkin and Lawrence-Doniach univer-
sal conductivity. In the case of conventional 's,-wave
pairing (one complex s-wave order parameter, i.e., n =2),
or one complex-component unconventional pairing,
g=1. Higher values of g would imply unconventional
pairing (extended or non-ls,-wave pairing). Other as-
pects of these approaches, as the possible influence on 4,
of the strength of the Josephson-like tunneling between
layers, or the reduction of the A4, value by the presence
of impurities, may be seen in the original papers.®! %
Note also that the original Lawrence-Doniach scenario®!
corresponds to conventional !s,-wave pairing (g =1, i.e.,
n=2), and to a single periodicity with one conducting
layer per unit-cell length (N =1).

In comparing Eq. (41) with our experimental results,
we will start with those that directly correspond tc the
resistivity measurements. The solid lines in Figs. 3(b),
9(a), and 9(b) correspond to Eq. (41) with 4, and B as
free parameters. Note that Figs. 9(a) and 9(b) are, in
fact, two different representation of the same Ao (€) data,
extracted from the p,,(T) data of Fig. 3(b). The corre-
sponding A, and B values are

(44)

A,=(350+100)Q 'cm ™! (45)
and

B=0.15+0.08 . (46)

As expected, these values are, to within the experimental
uncertainties, the same as we have obtained in previous
measurements in granular samples,®>%!? by assuming
dp,p/dT =0.5uQ cm/K. After the comments in Sec.
IIT A, it is obvious that these values also agree with those
obtainable from the p,,(T) measurements in single-
crystal samples®”*? if Ao, is extracted following the
procedure indicated before in this work, or in previous
references.>* 12134 S0 as also indicated before, the
dramatic differences for Ao, (€) among other works,*
with one on one side and with our results on the other,
are just due to discrepancies in the extraction of Ao, (€)
from the same p,,(T) curve. Some of these differences
have already been described in Ref. 9, and they are main-
ly associated with the arbitrary use, in some of these
works, of a free background and a free mean-field critical
temperature, 7.

A first conclusion of the above comparison is that the €
behavior of the LD approach explains quite well our
Ao, (€) results over the entire MFR, the € region where
this Gaussian approximation for OPF is expected to be
applicable. Also, by using in Eq. (42), B=0.15+0.08
(and d,~s=11.7 A), we obtain £.(0)=2 A, a value well
inside the different proposals in the literature.’! These
values of B, d,, and £.(0) were also found by Vidal et al.
in analyzing both the amplitude and the € behavior of
their paradiamagnetism measurements,'? and they clearly
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confirm the earlier paraconductivity-based propo-
sals,>%12 i.e., that OPF in these compounds are essential-
ly 3D: £.(€)>s, in most of the MFR. Note that this last
result may be directly deduced from the fact that B is
somewhat bigger than the high reduced-temperature lim-
it of the MFR [see, e.g., Fig. 9(b)]. Note also that the fact
that d, may be approximated as s in the B expression
seems to confirm that, as suggested before,*? the Joseph-
son coupling between the closest CuO, planes (those
separated by 3.4 A) is strong enough to make them
equivalent, from the point of view of the periodicity, to
an unique layer of finite thickness (but with N =2).

In what concerns the intrinsic Ao, (€) amplitude, as
we do not have access to the intrinsic AS,,(€) amplitude
from our measurements in polycrystal samples, we are
not going to analyze in detail our experimental Ao . (€)
results here. Let us note, however, that by usmg
d,=s=11. 7A,N=1, and g =1 in Egs. (43) and(44) i.e.,
the original LD amplitude, we found 4 ,~=130Q " 1,
which is less than half the value we found experimentally
[Eq. (45)], confirming our previous findings.>%'? [Let us
recall here that if the intrinsic dp,,z/dT value in
YBa,Ba,Cu;0,_5 compounds would be of the order of
1.4uQ cm K !, then by using Eq. (16) the amplitude de-
duced from the measurements would be
A, = 130Q'cm~!. However, all measurements in good
single-crystal samples®”*? suggest the value used here of
0.5 cm K ~1.] This difference with the measured ampli-
tude could be explained by the presence of a nonuniversal
contributions to Ao, (€) having the same € dependence
in the MFR as the direct OPF contributions.'>!* Such a
contribution could be associated with pair-breaking
(Maki-Thompson) effects, but then they should have a
different € dependence than that proposed until now.>*%
The two scenarios with g =1 and N =2, or with g =2 and
N=1 (always with d,=s), lead to A0z26OQ‘10m"1,
which is compatible with our experimental values of 4,
[Note also that a pair-breaking (Maki-Thompson) contri-
bution to 4, of the order of 90 Q~!cm ™! will be accept-
able, even with its conventional € dependence by the ex-
perimental B values.] In addition, thrOugh our previous
data of the paradlamagnetlsm, Ax(e), in the same sam-
ples!? we found in this case &,(0)~10 A. In previous
analyses,lz’13 these two scenarios were discarded because
this value of £,,(0) was considered too low when com-
pared with the published values.’! However, recent anal-
yses of the dH,(T)/dT measurements,®” from which in-
dependent £,,(0) values are obtained, seem to indicate
that £,,(0)~=~10 A cannot be ruled out. In addition, with
£,(0)=10 A and £.(0)=2 A, from Eq. (32) we obtain
€Eg=TX10" 3. this last Value being, as noted before, in ex-
cellent agreement with our experimental findings. So,
concerning the Ao ., (€) amplitude, we may conclude here
that the scenario with g=1 (i.e., conventional s, wave
pairing or one complex component unconventional pair-
ing), d,=11.7 A, and N=2 (i.e., two layers per unit-cell
length in the ¢ direction), seems to be compatible not only
with our measurements, but also with the existing values
for the characteristic Ginzburg-Landau lengths, £,,(0)
and £.(0), and that without the need, to within the exper-
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imental uncertainties of +100Q 'cm™!, of any
nonuniversal contributions to Ao, (e). However, new
precise independent data on £,,(0) and £,(0) will be very
useful to confirm that possibility. Also, Ao and Ay mea-
surements in other copper-oxide systems with the same g,
but with different values of N, will help to conclude about
the other possible scenarios.

Coming back now to the results on the € behavior of
Ao(e), they directly apply to AS(e) through Eq. (27).
This is shown in Figs. 10(a)-10(c), where
(0/05)[AS(€)/Sg(€)] is compared with Ac(€)/oz(€).
The data points are the measurements. The solid line has
been obtained from Eq. (16), with Ao ,,(€) given by the
Lawrence-Doniach expression [Eq. (41)] but by imposing
the values of 4, and B found before [Egs. (45) and (46)].
As expected, the agreement between the experimental
Ac(€)/og(€) and the theory is excellent. These results
fully confirm our conclusions presented in Sec. IV B con-
cerning the fact that AL(e)=0 over the entire MFR and
that the critical behavior of S(e€) is driven by that of
o(e).

We are now able to compare our data for AL (e) with
the available theory.>®® Unfortunately, the existing
theoretical approaches for AL(€) in the MFR mainly
focus on its reduced-temperature behavior and a tractable
estimate of its amplitude has not been published yet, al-
though it is recognized that it must probably be very
small,>® in full agreement with our experimental findings
presented here and in previous papers.'®!° As a conse-
quence, it is clear that nearly any functional form for
AL(€) can fit the data if a small enough amplitude is
used. In spite of these difficulties, we compare in Fig. 13
our experimental data for AL (e) with the theoretical ex-
pression proposed by Maki for s-wave layered supercon-
ductors in the clean limit,

AL(e)= A, ln[2/6(1+a+\/1+2a)] , (47)
where
a=B/2¢ (48)
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FIG. 13. Normalized excess of the thermoelectric coefficient
vs the reduced temperature for the three samples used here.
The solid line represents the best fit Maki’s approach for layered
superconductors.
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and B is defined by Eq. (42). The amplitude A4; depends
on T3, on the electron-phonon coupling constant, and on
the chemical potential. A somewhat disturbing feature of
Eq. (47) is that its limit for a <<1 or a>>1 do not agree
with previous calculations for films (2D) or bulk (3D) ma-
terials.>>® Although the latter cases were calculated in
the dirty limit, the discrepancies remain even for the €
dependence. In any case, the data points in Fig. 13 corre-
spond to our experimental data of AL(e) obtained for
each of the three YBCO samples studied here, whereas
the solid line has been obtained from Eq. (47), with
B=0.15, and A4; as a free parameter. As noted above,
the reasonable agreement between the theory and the
data does not allow us to conclude about the adequacy of
the € dependence of Eq. (47). In fact, this comparison al-
lows us to only propose an upper limit to A4, , which is of
the order of 40 pA/cm K. This is, indeed, a very small
amplitude, when compared with that of ocAS(e€) in the
same € range, in agreement with the qualitative Maki sug-
gestions.>®® A more detailed calculation of 4, in terms
of more directly experimentally accessible parameters
will allow a more quantitative comparison.

VI. CONCLUSIONS

We have presented data of the thermoelectric power,
S(T), and of the electrical resistivity, p(T), of three poly-
crystalline YBa,Cu3;0,_s samples, all with almost the
same composition (& $0.10) and single phase to 4%, but
with different granularity characteristics. S(7') and p(T)
were measured in the temperature interval ranging from
the superconducting transition to 300 K, the relative
temperature resolution being 10 mK for p(7) and 50 mK
for S(T). Near the transition, the S(7) data are correct-
ed from the influence of the nonzero temperature gra-
dient (VT S1 Kem™!) needed to perform the measure-
ments. To take into account the influence on S(T') of the
structural inhomogeneities (grains, crystallites, twinnings)
at long length scales, i.e., at length scales much larger
than the superconducting correlation length in all direc-
tions, we have proposed an empirical picture, similar to
that we have already used for p(T), that explains fairly
well the results for S(7) for the different granular sam-
ples studied here. From our experimental data we obtain
the excess of the thermoelectric power, AS(€), and of the
electrical conductivity, Ao(€), as a function of the re-
duced temperature, €, following a consistent procedure
for both quantities. Our experimental data clearly indi-
cate that in the so-called mean-field-like region, i.e.,
within € =7X 1072 to €=0.15, the reduced-temperature
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behavior of AS(¢€) is not only very similar for the three
different samples but also is very close to that of Ao(e).
In contrast, the amplitudes of AS(e) appreciably differ
from sample to sample, although these differences remain
much less important than for the Ao(e) amplitudes.
When analyzed in terms of the empirical picture pro-
posed here for the influence on AS(e) and Ao(e€) of the
long length scale structural inhomogeneities, these results
strongly suggest two important conclusions: (i) The ob-
served € behavior of AS(e) is similar to that of AS,,(€),
the intrinsic thermopower excess in the ab plane of an
ideal single crystal of a similar composition to that of our
granular samples. (ii) AS,,(e) and Ao, (€) have, at a
quantitative level, the same reduced-temperature behav-
ior. In other words, all the influence of the order-
parameter fluctuations on S(7) is driven by o(7T): the
thermoelectric power coefficient, L,,(€), connecting
Sap(€) with o4, (€), will not be affected, in YBa,Cu;0,_g
superconductors, by order-parameter-fluctuation effects.
These results have been compared with the existing
theoretical approaches for the OPF effects on o(7T) and
L(T) in layered superconductors, based on the OPF
Gaussian approximation. The € dependence of both
Ao(€) and AS(e) are fairly well accounted for by these
theoretical approaches. The detailed comparison with
AL(e) is made difficult by the fact that AL(e)~0, this
last result being also suggested, in fact, by these theoreti-
cal approaches. Although new measurements in good
single-crystal samples will be very useful to confirm these
results, we believe that the essential aspects of the OPF
influence on the thermoelectric power in YBa,Cu;0;_;
samples are those presented in this work.
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