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Thermoelectric power of textured Bi2Sr2CaCu2os: Evidence for field-induced hysteretic behavior
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The thermoelectric power (TEP) of textured Bi2Sr&CaCu&O, has been measured with an ac technique
in an applied magnetic field (up to 3 kG). Parallel and perpendicular geometries of the temperature gra-
dient and the magnetic field have been systematically studied. A field-induced hysteretic behavior of the
TEP due to the difference between cooling and heating runs is observed. The hysteresis surface versus
field curve presents a maximum near 100 G for both geometries. The hysteretic behavior below T, is
discussed in terms of the intrinsic Josephson effect caused by the formation of Josephson vortices, while
above T, the hysteresis is attributed to the manifestation of the two-dimensional Gaussian fluctuations of
the order parameter. In so doing, the critical-current density is found to behave as
J, ~ [1+(H/H~) ] '. An activation energy, U(T, H), deduced from the Arrhenius plot of the TEP
below T„shows a linear temperature dependence, U(T) =1—T/T„apower-law magnetic field depen-
dence, U(H) ~ H ', and has the absolute value of ca. 0.5 eV at T =0 and H =50 G. Such a behavior
of the observed TEP and the dependences and origin of U( T,H) are argued to be attributed to the highly
anisotropic nature of Bi~Sr,CaCu208 layered superconductors.

I. INTRODUCTION

The transport properties of high-temperature super-
conductors (HTS) are of great interest for their tempera-
ture and applied magnetic-field varied behavior, and con-
stitute a fine test of the interplay between various scatter-
ing mechanisms. One of the most elusive transport prop-
erties is the thermoelectric power (TEP) which is an off-
diagonal Onsager coeKcient' and thus has to be treated
in a more refined manner if some interpretation has to be
given concerning its behavior. Furthermore, this is a
quantity which has to be measured under well-defined
conditions before data interpretation.

In superconductors the thermoelectric power is a fine
probe of the superconductivity regime since the TEP is
identical to zero in the coherent state. It is worthy to no-
tice that the behavior of the TEP in the normal state of
HTS is not yet completely explained, ' and much contro-
versy exists on its behavior near T, with regards to the
influence and the range of fluctuations. Even the sign of
the TEP tensor components of HTS is still somewhat un-
determined.

In unsubstituted layered Bi-based HTS, the fluctuation
effects have been clearly observed in transport properties
like the conductivity, " and the thermoelectric
power. ' ' Some study of the fluctuations in the pres-
ence of fields have been recently reported, and have indi-
cated the wide temperature range i.n which they can be
seen. ' ' In particular, the wide bump (often attributed
to ffuctuations ' ), seen above the critical temperature T,
in the case of YBCO systems, is not seen on Bi- (and Tl-)

based systems, though much of the behavior above T,
has to be attributed to fluctuation effects. ' ' Often the
shift of the zero value TEP can be monitored to define
some critical temperature shift, mostly attributed to
weak-link effects ' ' or to vortex motion in the mixed
state of type-II superconductor. It is thus of great
interest to reexamine the behavior of the TEP in layered
HTS under well-defined conditions, and, in particular, in
the presence of a magnetic field.

We report here on the longitudinal (along the CuO
planes) magneto-TEP measurements of a textured poly-
crystalline BizSrzCaCuzO8 superconductor. Due to the
highly textured nature of the sample the usual weak-link
effects (due to intergranular grain boundaries) are essen-
tially reduced. Yet, we can expect the manifestation of
the intrinsic Josephson effects (due to the layered nature
of the sample used) as well as the enhancement of low-
dimensionality contributions. Assuming that Josephson
junctions lie in the a-b plane, we have to distinguish care-
fully the Josephson effects in zero and nonzero (in the
plane) magnetic fields. Namely, in contrast to the zero-
field case (when a Josephson current indeed appears along
c axis and thus may cause a transverse component to the
TEP, application of the magnetic field parallel to the
junctions results in a more pronounced effect, i.e., the
field modulation of the Josephson current J,(H) in the
a bplane [or along the x ax-is according to our geometry,
see Eq. (6) below] thus contributing (chiefiy) to the longi
tudinal part of the magneto-TEP of interest in this paper.
Notice that it has been verified experimentally ' that ap-
plication of even a rather small field will drastically
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reduce the transUerse component of the TEP when a
geometry other than the one described below is used.

Furthermore, the critical temperature (to be precisely
defined below) is supposed to be higher than in YBCO
systems, and therefore the fluctuation regime could be
better seen as well. Both (Josephson weak-link and fluc-
tuation) contributions are thus expected to be observable.

We have measured TEP along a pulse technique in a
home-built experimental setup. We have observed that
for such a textured sample the cooling and heating runs
lead to hysteretic behavior in nonzero applied magnetic
field. We have considered the two most symmetrical
geometries, i.e., letting the thermal gradient and applied
magnetic field be perpendicular or parallel. We have tak-
en care of using the same systematics order of applied
magnetic field strength during a cooling and heating run
of the sample. As was observed in resistivity experi-
ments ' this "historical order" is of major importance
in order to have some reproducible data.

The hysteresis surface versus field curve is found to
present a maximum near 100 G. Below T„the obtained
experimental data are discussed in terms of the so-
called ' "intrinsic Josephson effect" due to a weak cou-
pling between double CuO layers when the field is applied
along the ab plane. In so doing the critical-current densi-
ty is found to behave like J,=[1+(H/HJ) ) '. The
hysteretic behavior observed above the critical tempera-
ture is related to the two-dimensional Gaussian Auctua-
tions of the superconducting order parameter. ' Further-
more, an Arrhenius plot of the magneto-TEP below T,
allows us to obtain the temperature, U(T)=(1—T/T, ),
and field, U(H)=H ', dependences of the activation
energy due to Aux creep processes. We argue that these
dependences can be attributed to anisotropic behavior of
the layered superconductor with essentially different in-
plane and out-of-plane penetration depths. '

II. KXPKRIMKNTAL CONDITIONS

The Bi 2:2:1:2sample has been cut from a 2:2:1:2block
prepared by the procedure described by Bock and
Preisler. Such a kind of sample has been thoroughly in-
vestigated by Doyle. A scanning electron micrograph
(SEM) of the sample is shown in Fig. 1. The analysis has
been performed on the "pellet" surface. For so doing, a
piece of the sample is embedded in epoxy resin, ground
with SiC paper, and polished with diamond paste. We
have successively observed the fractured and polished
surface. The results reported in Fig. 1 are for the frac-
tured surface. The sample consists of randomly oriented
zones. Each zone is composed of large lamellar grains
(single crystals) with an average size of 30—100 pm,
forming layers perpendicular to the c axis of the unit cell.

The sample (1.96X1.73X15.0 mm ) has been placed
in a home-built liquid-Nz cryostat (in which a 10 -Torr
vacuum is obtained by a diffusion pump) and is mounted
on a sample holder similar to that used in Ref. 31. A cy-
lindrical copper block serves as a heat bath, controlled by
a heater H2, the temperature of which is regulated (be-
tween 4.2 and 300 K) through a Lake Shore temperature
controller after measuring the temperature by a silicon

FIG. 1. Scanning electron micrograph of the textured
Bi2Sr2CaCu208 sample.

diode. The lower part of this copper block supports one
end of the sample [Fig. 2(a)], the absolute temperature of
which is measured by a carbon-glass resistance (CGR).
Heat pulses are sent at the unsupported extremity of the
sample through 80-pm-diam noninductively wound con-
stantan wires around the sample. The TEP is measured
with two Cu-Ct thermocouples [EF, ED, BC, and BA
wires in Figs. 2(a) and 2(b)], of 80 pm in diameter for a
distance EB—=5 mm, from which, by appropriate numeri-
cal analysis, the sample TEP is deduced (the Appendix).
The pulses are characterized by a 19.8-mA current pass-
ing through a 20-Q resistance glued upon the sample end.
This gives rise to about 1-K temperature difference. Heat
pulses last 1 min and are followed by a 3-min waiting
time after which the bath temperature is raised (or
lowered) by about 0.7 K. (Such time lapses can be varied
if necessary. ) The data are averaged over four measure-
ments taken during the last seconds of the heating pulse.
The temperature of the sample is measured as the average
between the hot and cold junctions (the Appendix). The
range of T which has been specifically examined goes be-
tween 77 and 180 K, but the data are shown for the in-
teresting region near the critical temperature only. The
TEP is given as the ratio of EVcD/ATE~, with the
denominator being deduced from AV&D and AVE+ con-
tributions. Such potential differences are of the order of
10 pV for 6 VcD and 40 pV for 6 V~~ and measured with
a Keithley nanovoltmeter linked to a Keithley multichan-
nel switch. All instruments are PC controlled and moni-
tored.

The magnetic field is generated by two Fe bars inserted
into copper coils. They are mounted on a platform which
can rotate around a vertical axis. A 3-kG field can be
generated with a 3-A current. In all the cases reported
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sample

's copper

' stainless-steel

10 here the field has been applied parallel to the sample lay-
ers. The field has been applied in an increasing order
when the field is parallel to the temperature gradient, and
in a decreasing order when the field is perpendicular to
the temperature gradient [Fig. 2(b)]. The field values
have been 0, 50, 100, 750, 1000, 2000, and 3000 G.

III. EXPERIMENTAL RESULTS

A Cu

(C.G.R)

0.6 cm

The zero-field temperature T dependence of the TEP,
for T between 115 and 93 K is shown in Fig. 3. The TEP
is positive and smoothly varying. The order of magni-
tude (Sp V/K) is that found in the literature, see, e.g.,
Ref. 32 where Crommie et al. have measured similar sys-
tems to ours (before and after annealing in oxygen fiow).
They have observed that the pretreated (poorly oxygenat-
ed) sample has a TEP of the order of 17 p V/K near its
maximum, but the well-oxygenated sample has a TEP of
the order of 3 pV/K. The samples can be distinguished
by their electrical resistivity which is markedly semicon-
ducting in the pretreated case of Ref. 32. Our sample is
not semiconducting-like. Since the sample might not be
as well oxygenated as the best sample of Crommie et al. ,
a difference of a couple of pV/K is therefore not unlikely.
Thus, we may consider that the "factor of 2" variation in
the order of magnitude is likely due to a different oxygen
content.

As usual, a quasilinear downward behavior has been
observed at high temperature. An important feature for
TEP is the slope at "high" temperature: it is a measure of
the Fermi energy (or Fermi temperature) of the sample.
We have the same order of magnitude as Crommie et aI.,
i.e., 0.03 pV/K .

Notice the absence of the hysteretic behavior between
heating up and cooling down regimes in zero field. A
typical field behavior of the magneto-TEP for magnetic
field H=750 G and for two geometries outlined on the
graphs is given in Fig. 4. The field-induced hysteretic
behavior of the TEP produced by the difference between
cooling, Sc(T,H), and heating, Sh(T, H), runs is clearly
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FIG. 2. (a) Experimental setup used for the measurements of
the TEP: (1) protection lid, (2) radiation shield, (3) sample, (4)
sample holder, (5) GE 7031 electrically insulating layer, (6)
heater, (7) thermocouples, (8) heat bath with heater (H2) (9)
Wood metal solder, (10) vacuum pump, (11) exit for measure-
ment wires. (b) Side view of the sample holder showing the field
and temperature gradient relative directions.
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FIG. 3. Temperature dependence of the TEP at H =0 for
cooling (open symbols) and heating (solid symbols) runs. Here-
after the error bars are of a size comparable to the symbols.
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FIG. 4. Temperature dependence of the TEP at M =750 G
for V TLH (left) and V T ~~H (right) configurations.

seen. We have observed the hysteresis surface,
A (H)= f z'dTAS(T, H), where bS(T,H)=S, (T H)
—Sh ( T,H), between an offset temperature ( T, ), —10 K
below T„andan upper temperature (T2), —15 K above
T, . Such a surface (measured in pV) is shown as a func-
tion of field in Fig. 5 for the parallel and perpendicular
geometries.

For further discussion, the critical temperature should
in principle be well defined, if possible from the statistical
mechanics point of view. The latter defines T, as that
temperature at which the coherence length measuring the
extent of the correlation function of a one-component
order-parameter physical process goes to infinity. It is
then easy to show that this occurs at phase transitions
like the superconducting one, or the magnetic ones,
when the Qnsager transport coefFicients have an inflexion

point. Hence the first temperature derivative seems to go
to "infinity. " Therefore, we have always used for the
critical temperature that when dR /d T or dS /d T
diverges. This is indeed the temperature at which the
grains become superconducting throughout. (There
might be some distribution of critical temperatures be-
cause the grains are not all exactly the same, but this only
leads to a broadening of the transition, and to not so
well-defined critical exponents. )

In polycrystalline materials another (geometrical)
"phase transition" occurs: it is the "percolation transi-
tion" when the phases of the order parameter in each
grain match each other across the weak links. This is
when R and S=0, at Tz or T or To according to the no-
tations. This occurs much below the official (legal) T, .

Another "critical temperature" is sometimes met; let
us call it T,o. It corresponds to an extrapolation temper-
ature concerning the mean geld -behavior law in the vi-
cinity of T, . Its real physical validity is unclear (though
it is often used). It is rather a fit parameter, and corre
sponds to no experimental point. It can be estimated by
Azlamazov-Larkin Auctuation terms for conductivity and
TEP 4 36 37

To get as much interesting information from our ex-
perimental data as possible, we provide a separate fitting
of the hysteresis surface, A (H) = A „(H)+ A „(H),below
T, and above T„where

C

A,„(H)=j dT b,S(T,H),
"2 (1)

A„(H)=f dTbS(T, H) .

There is a shift of the critical temperature with the field,
of course, but it is hardly noticed in the range of field
with which we are concerned. (T, shifts down by about 1

K per T. )

Divided by the applied magnetic field, these two con-
tributions are found to obey the following fitting expres-
sions (see Figs. 6 and 7):
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FIG. 5. The total hysteresis area (see text) as a function of
applied magnetic field for both configurations (see Fig. 4).
(Field data points are 0, 50, 100, 750, 1000, 2000, and 3000 G.)
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FIG. 6. Hysteresis area below T, divided by H for two

configurations (see Fig. 4) fitted by the function given in Eq. (2).
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FIG. 8. Arrhenius plot of the TEP (heating run) for various
magnetic fields and for both configurations (see Fig. 4). The
solid line is a linear fit to the T & T, temperature values.

FIG. 7. Hysteresis korea above T, divided by H for two
configurations (see Fig. 4) fitted by the function given in Eq. (3).
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for which the parameters a, b, c, and d are given in Table
I. Notice that the "Auctuation" contribution to the TEP
hysteresis IEq. (3)] changes its sign in the field region
above 2 kG (see Fig. 7).

It is worthwhile to notice that the TEP and the result-
ing integral error bars do not play a dramatic role in the
numerical analysis. Suppose indeed that we take 100 K
as the critical temperature. The error on the integrated
surface A is (100—99) K times the size of the TEP, i.e., of
the order of 4 pV/K, thus of the order of 4 pV for the
worse case (near 100 G). Even though this is not a negli-
gible diff'erence for the area versus field (Fig. 5), it obvi-
ously leads to a weak effect for the theoretical-numerical
analysis of Figs. 6 and 7. Indeed the (area/H) value at
low field is then pushed up on an asymptotic curve
without any change in the fitting parameters, whatever
the geometry. Qn the other hand, at large field, the area
becomes smaller, and the (area/H) value is changed in a
very minor way, smaller than the size of the data point.
Therefore, the value which is used for T, in the integral is
marginally unimportant (as long as it is not ridiculously
taken outside the physical range admissible of course).

For completeness, an Arrhenius plot (below T, ),
S(T,H)=S&exp[ —U(T, H)/k&T], of the TEP, extracted
from Fig. 4, is depicted in Fig. 8. The fits are those for
which the error bar on the final result is the minimum

IV. THEORETICAL INTKRPRKTATION

The magnetic-field-induced nature of the TEP hys-
teresis, b,S(T,H), observed in our experiments, allows us
to use the analogy with the well-known' ' ' ' hysteret-
ic behavior of the irreversible magnetization (due to flux

1.2

HJ VT H II VT

1.0—

0.6—

0.4

one (of the order of 10% in the worse case). It is not
small; however, such is always the case in I/T plots when
the original data have some noise. The activation energy,
U( T,H) (see Fig. 9), is found to be remarkably well fitted
by the following temperature- and field-dependent law,
U(T, H)=U(O, H)(l —T/T, ), with U(O, H)=AOH
The absolute value of the activation energy at T=O and
H=50 G is U~=0. 42 eV and U~~

=0.52 eV for the per-
pendicular and parallel configurations, respectively. The
fitting parameter, Ao, for both geometries used is given
in Table I. Notice that a similar field dependence and the
absolute value of the activation energy has been reported
earlier for Bi 2:2:1:2 single crystals and for Bi 2:2:2:3
polycrystals.

TABLE I. Fitting parameters for perpendicular (V TLH) and
parallel l V TIIH) configurations.

0.2 0.4 0.4

0.65
0.82

a (pV) b (G ) c (pV) d (pV/G) 2 (eV6' )

HLV T 0.15 1 X 10 7.25 5 X 10
HII V T 0.09 3 X 10 4.22 2X 10

FIG. 9. Activation energy U ( T,H) /Uo( T, 50 G) vs magnetic
field for both configurations (see Fig. 4) determined from the
Arrhenius plot (Fig. 8) and fitted by the power-law function
H —l/4
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motion), b,M(T, H), of type-II superconductors. Indeed,
the magneto-TEP of such a superconductor in the mixed
state, S ( T,H), is related to the transport entropy,
cr(T, H), in the way" S(T,H)=(HIne@o)cr(T, H),
where n is the total carrier density, e is the electron
charge, and 4o is the Aux quantum. In turn, the trans-
port entropy is related to the irreversible magnetization,
M( T,H), as follows, ' cr( T,H) =4& dM( T,H) IBT. As a
result, we get the following relation between the hys-
teresis of magnetization, b.M( T,H), and the correspond-
ing hysteresis of magneto-TEP, AS ( T,H):

gle JJ contact is defined by the well-known Josephson
relation J(x)=Josing(x), where the local change of the
phase of the order parameter reads P(x)=P(0)
+2~sxH /4o. In the opposite case of large JJ contacts,
when A,J «L, the above current density is caused by the
creation of Josephson vortices, so that
J(x)=exp( —x /Az ). Thus, in general, the maximum
critical current density in the ab plane via single JJ con-
tact can be presented in the form

J,(H):——f dx J(x)L o
H BhM( T H)
en dT

(4) 1 L
dx Joexp( —x /XJ )cos (6)

Since the hysteretic behavior of the TEP has been ob-
served both below and above T„it seems reasonable to
treat these temperature intervals separately, attributing
the regions ( T„T,) and ( T„Tz), respectively, to the
"average" value, A,„(H),and the "fiuctuation" contribu-
tion, A „(H), of the field-dependent hysteresis area
2 (H) = A „(H)+ A „(H),where A,„(H)and A „(H)are
given by Eq. (1). Making use of the Bean relation be-
tween the irreversible magnetization and the critical-
current density, bM( T,H) =J, ( T,H)D, where D is the
sample thickness, Eqs. (1) and (3) result in the following
relation between the average critical current density in
the ab plane (see below) and the "average" hysteresis area

A,„(H)
J,(H) =J, ( T„H)=— J,

(5)
1 + (H /H~ )

Here J, =ena /D, (HJ ) = 1/b, where a and b are the
fitting parameters (see Table I), and to get the last expres-
sion in the rhs of Eq. (5), the fitting function for A,„(H)
[see Eq. (2)] has been used. Using for the carrier density
n = 5 X 10 m, and taking into account the sample size
(thickness) D = 1.8 mm and the value of the fitting pa-
rameters ai, al, bi, and b~~ (see Table I), for the estimate
of the critical-current density, J„and the characteristic
field, HJ, deduced from the parallel and perpendicular
geometries, we get J,

~~

=2 X 10 A/cm and H&~~
= 170 6,

and J,&
=5 X 10 A/cm and HJJ 100 G, respectively.

According to Eq. (5), the field dependence of the
critical-current density indicates a weak-link limited
behavior. Since the textured character of our sample
reduces the possibility of grain boundary weak links, we
arrive at the conclusion that the above behavior of J, (H)
can be attributed to the so-called "intrinsic Josephson
effect, " proved ' ' ' to be active in layered superconduc-
tors with the Josephson-like coupling between layers.
(Recall that the heater has some finite thickness along the
c axis. )

Indeed, let us consider a layered superconductor as a
stack of double CuO planes separated by a distance
s (s = 12 A in Bi2SrzCaCu20s). When the length L of a
single Josephson junction (JJ), normal to the applied
magnetic field (and thus corresponding to the largest
"grain" size), is much less than the Josephson penetration
depth A,J [which is defined via the Josephson critical
current density, Jo as ( A J ) =@0/2vrpsJO ] so that
H ))HJ 4 o /2~s k&, the current density through a sin-

It is easy to check that in the limit of small JJ contacts,
when A,J ))L, Eq. (6) reduces to the well-known
Fraunhofer-like pattern

sin(H/Ho )

(H /HO )
J, H =Jo H o

=N o /2 ~sL, (7)

while in the opposite limit, when A,z «L, Eq. (6) reads
[cf. Eq. (5)]

J,J,(H)=, J, =(AJIL)JO .
1+(H/HJ )

(8)

Equations (6)—(8) describe the field modulation of
Josephson current in the a -b plane only. And this is the
only possibility when H is quasi in the a -b plane, as ex-
pected in our geometry. Some mild misorientation leads
to some hard to estimate contribution from the trans-
verse component, but likely to be quite negligible in the
range of field which is investigated. '

Thus, according to our experimental observations, in
the examined case, the critical-current density is limited
by the Josephson vortices, occurring between CuO
planes. Furthermore, using the above-mentioned experi-
mental values for HJ and J„weget the following esti-
mates for the average JJ length L and the Josephson
penetration depth A,J, namely L = 100 mm and kJ =20
mm, which give for the Josephson current density [see
Eq. (8)] Jo = 5J, . It is worthwhile to notice that the
Josephson vortices limited behavior of J,(H) [given by
Eq. (8)] has been observed also in heavily irradiated
Bi2Sr2CaCu208 single crystals when the magnetic field is
applied along the irradiation-induced columnar defects.
At the same time, the unirradiated BizSr2CaCu208 single
crystals were found to exhibit a more recognized
Fraunhofer-like pattern [see Eq. (7)]. We infer that a
similar field dependence of the critical-current density for
irradiated single crystals and textured materials is not an
accident because in both cases an extended boundary
(tracks of damaged material or interfaces between layers)
creates a JJ contact and simultaneously produces a direc-
tion of preferential pinning (see below).

Turning to the contribution above T„A„(H)[see Eq.
(3)], we show that this contribution can be attributed to
the manifestation of strong two-dimensional (2D) Gauss-
ian fluctuations of the order parameter in layered super-
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conductor. ' As it is well known, the Gaussian Auctua-
tions of any observable quantity which is conjugated to
the order parameter g can be represented in terms of the
statistical average of the square of the Auctuation ampli-
tude, ( l5gl &, with 5g=g —$0, where $0 is the mean
value of the order parameter defined as the stable solu-
tion of the equation 5V/Blg =0. In the mixed state of
type-II superconductor the free-energy density function-
al, V, in the external magnetic field, H, reads' '

A„(H)—= f dT AS„(T,H)

@AH b,S,„(T„H)
ln

O.'o

ao( T2 —T, ) p—~H

PBH

+ (T)l~l'+
2

l~l'+MH (9)

Since within the field region used in our experiments
1&ao(T2 —T, )/@AH 2, we can expand the logarithm
in Eq. (15) and get, with good accuracy,

Hereafter lPl is the space-averaged order parameter,
a(T)=ao(T T, ), a—o=1.83A' /2m*s T„where m* is an
effective mass (see below), and P=aoT, /2n„where n, is
the number density of the superconducting carriers at
T=0; the subscripts s and n refer to superconducting and
normal components, respectively. The magnetization, M,
in Eq. (9) designates the magnetization of the Abrikosov
vortex lattice defined via the space-averaged order pa-
rameter as M = (B H) /4~—= —pii l gl, where pic
=eiri/2m, is the Bohr magneton. The ffuctuations of the
TEP above T, have the form (cf. Ref. 19)

aS„(T,H) = C(H)( l5yl'&,

where

& 5yl'&= f dql5ql'

(10)

X exp( 69'/k~ T) f—d f exp( AP/king T)—.

Here bP=V —Vo, VO=V($0), and the coefficient C(H)
will be defined below. Expanding the free-energy func-
tional V around the mean value of the order parameter,
Po, nainely,

B2
&(g)=&($0)+——, (5$)' (12)

we can calculate the Gaussian integrals [Eq. (11)] explic-
itly, and making use of the fact that above T, the mean
value of the order parameter $0=0, we obtain for
b,S„(T, H) (Ref. 19) [see Eq. (9)]

C(H)k3T,
ESs(T,H) =

2ao( T T, ) 2p~H—— (13)

2pBH
bS,„(T„H).

B Tc
(14)

Finally, using Eqs. (1), (13), and (14), the "ffuctuation"
contribution to the TEP hysteresis area, As(H), reads

To determine the form of the coefficient C(H), we as-
sume that, at T=T„ l

b,S„(T„H)l = l
b,S,„~(T„H)l,

where b,S,„(T„H)is the experimental value of the TEP
hysteresis surface at T, . The coefficient C(H) then has
the form

c H*=——d=
H H

in agreement with the fitting equation (3). Here
c = ( T2 T, )bS—,„„(T„H)/pii, d =2p & hS,„„(T„H)/ao,
and H*=c/d=ao(T2 —T, )/2pti. Notice that in con-
trast to the coefficients c and d, the characteristic field
H* does not contain the experimentally dependent pa-
rameter hS,„(T„H).Using the experimental values of
the parameters c, d, T„and T2 (see Table I), we get the
following estimates: bS,„(T„H)=0.4 pV/K, H* =2
kG (both agree well with our data), and ao=2. 5 X 10
J/K. Furthermore, the found value of the latter parame-
ter, O.o, allows us to estimate the ab-plane effective mass,
m,*b, of the super conducting carriers in layered
Bi2Sr2CaCu208. Indeed, according to the above-given
definition [see Eq. (9)], the effective mass
m*=(m,*bm, )'~ =ym b, where y=(m,"/m b)'~ is the
so-called anisotropy parameter, can be expressed via ao
as m*=1.83h /2+Os T, . Using the above value of ao,
and taking into account that in Bi2Sr2CaCu20~ (Ref. 45)

0
s =12 A and y=55, we get m,*b =8m, in a good agree-
ment with the reported data for this parameter. '

An Arrhenius plot is not usual for TEP but is present-
ed here for explaining the finite value of S(H, T) below
T, . (A similar plot has already been presented by
Dascoulidou et al. , but without interpretation. ) One ar-
gument for such a plot originates in the fact that the
magneto-TEP is similar for thermal transport processes
to the magnetoresistance (for electrical processes) which
shows activation (Aux-creep) energy on such plots: see,
e.g. , Fig. 2 in the often quoted letter of Palstra et al.

A possible interpretation of the temperature and field
dependence of the activation energy, U(T, H), deduced
from an Arrhenius plot (see Figs. 8 and 9) of the TEP,
S(T,H)=Soexp[ —U(T, H)/k&T], is of interest and in
order. We argue that the observed behavior,
U(T, H)=Ho(1 —T/T, )H '~, results from weak pin-
ning of 20 "pancake" vortices by interfaces in textured
BizSr2CaCuzOs. (It is worthy to recall that a similar
behavior has been found also in irradiated
Bi2Sr2CaCu2O8 single crystals when the magnetic field is
applied along the track of damaged material to get as
large pinning as possible. )

In the configuration Hllab vortices are the Josephson
ones. An energetically favorable way for these vortices to
pass from one interlayer position to the next can be pro-
vided by the nucleation of "pancake" vortex-antivortex
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pairs, which are driven apart by the Lorentz force (if an
electric transport current is applied) or by its analog, the
thermal force (induced by an applied thermal gradient).
Although in our experiments the field is supposed to be
applied along the ab plane of the sample, it is practically
impossible to avoid its penetration along the c axis as
well. As it was found even a rather small misorienta-
tion of the field from the ab plane (less than 1 ) results in
a finite density of "pancake" vortices between layers. As
is known, when a superconductor contains nonsupercon-
ducting regions, the Auxoids can lower their energy by in-
teracting with such regions. The energy gain per interac-
tion is

U(T H)= 8, (T)V(T,H) .
1

2Po
(17)

Here B,( T) =4&0/2v'2n A, (T)g( T) is the thermodynamic
critical field of the superconductor, where
A( T) =A(0)(1 —T/T, )

' and g( T)=g(0)(1—T/
T, )

'~ are the London penetration depth and the coher-
ence length, respectively, and V(T,H) is the interaction
volume. In the case of large nonsuperconducting regions
(e.g. , irradiation-induced tracks or interfaces in textured
sample), the energy change occurs only at the interfaces.
In small fields, H «Hz, where Hz ~ 40/(dp ) is a
characteristic field defined via the distance between de-
fects, d, all vortices are pinned, and
V(T,H) =ng~(T)a0(H), where a0(H) =(4&0/H)' is the
vortex spacing. In high fields, H &&Hz, all the pinning
sites are occupied so that d~ )a0(H) and
V ( T,H) = re~( T)d Due to . the highly anisotropic na-
ture of the layered Bi2Sr2CaCu208, the activation energy
of this superconductor is U=(U, & U, )', where U,b and
U, are the in-plane and out-of-plane activation energies,
respectively, with g =g,b g, (and A, =A,,b A,, ). Remark-
ably, the large anisotropy ratio between penetration
depths, A., =yi, ,& (y=55 in Bi2Sr2CaCu20s), results in
different forms of in-plane ( V,b ) and out-of-plane ( V, ) in-

teraction volumes V=( V,b V, )'~ according to the above
scenario. Indeed, for an applied field H such that
H„,«H «H„,b, where H„~40/A. with appropri-
ate penetration depth (A,,b or A, , ), we get that

V,b ( T,H) = rrg~( T)a 0 (H), while V, ( T,H) =erg ( T)d . As
a result, the activation energy of a layered superconduc-
tor [Eq. (17)] reads

U( T,H) = U(O, H)(1 —T/T, ),
where

~o @2((g& d2)i/4
U(O, H)=, , A0=H'" ' '

16~&,yz'., (0)

(18)

(19)

Thus, the above scenario brings about at least a qualita-
tive description of the temperature and field dependences
of the activation energy U( T,H) observed in our own ex-
periments (see Figs. 8 and 9) as well as by other au-
thors. ' Using the experimentally found value of
U(0, 506)=0.5 eV and taking into account that in

Bi2Sr2CaCu20& A,,b(0) =2500A and y =55, Eq. (19) gives
for the estimate of the interdefect distance the value

d&=30 pm which is quite compatible with an average
"grain" size of our textured sample, implying that the
motion of "pancake" vortices is indeed limited by weak
pinning due to interface boundaries only.

V. CONCLUSION

In conclusion, by finely measuring the longitudinal
magneto-TEP on a textured Bi2Sr2CaCu208 superconduc-
tor, a pronounced field-induced hysteretic behavior of the
TEP, due to the difference between cooling and heating
runs, has been observed. The hysteresis surface has been
found to lie within the interval ( Ti, T2) around the criti-
cal temperature T„with the lower and upper offset tem-
peratures near T& = T, —10 K and T2 = T, + 15 K, respec-
tively. The field-dependent area of the hysteresis TEP
surface, A (H), observed has been treated below and
above T, separately.

The contribution below T„A,„(H),has been attribut-
ed mainly to the manifestation of the so-called "intrinsic
Josephson effect" resulting in Josephson vortices limited
behavior of the critical-current density. In so doing the
critical-current density is seen to follow the law
J,(H) = [1+(H/H&) ] '. Above T, (but below the
upper off'set temperature Tz), the hysteretic area, A„(H),
has been interpreted mainly in terms of two-dimensional
Gaussian fluctuations of the order parameter.

In addition, using an Arrhenius plot of the magneto-
TEP below T„the temperature and field dependences of
the activation energy, U(T, H), have been found to follow
the law U(T, H) = AD(1 —T/T, )/H'~ . Such a behavior
of the activation energy has been argued to originate
from the high anisotropy of the layered superconductor
with a preferred direction of fiux pinning (due to, e.g. , in-
terfaces of textured material or irradiation-induced tracks
of columnar defects). Our experimental results give fur-
ther evidence for the importance of both Abrikosov and
Josephson vortex contributions to the transport behavior
of the magneto-TEP in layered superconductors.

Finally, it is worthwhile to mention that the TEP hys-
teresis we have observed was reproducible and practically
insensitive to the change of ac heating pulse regimes, in-
dicating a high quality of our textured sample. This is in
striking contrast with the analogous measurements of the
thermal conductivity on a nontextured ceramic sample,
where strong nonequilibrium effects have been observed
depending on the ac heating pulse regimes applied.
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APPENDIX

In this appendix, we describe the experimental setup
[Figs. 2(a) and 2(b)] and measuring technique in some de-
tail. In Fig. 2, BA and EF wires are in constantant (Ct)



16 688 SERGEENKOV, AUSLOOS, BOUGRINE, CLOOTS, AND GRIDIN

while BC and ED wires are in copper (Cu). B and E ex-
tremities are spot soldered on a thin (about 3 mm in
area) Cu plaquette on the sample. (The plate contact is
made according to the suggestion of Conan et al. , while
the thermocouple positions are disjoined according to the
suggestions of Kopp and Slack, who considered in de-
tail the precautions necessary when using thermocou-
ples. ) A, I', C, and D extremities are soldered on the Cu
block for which the temperature is maintained by a feed-
back system through heater H2 —this is not usual. The
wires are about 20 cm long, and of small cross section in
order to increase the thermal resistance toward the ambi-
ence; they are wound on the copper block sample holder
for thermalization at temperature To measured with a
carbon glass resistor (CGR). From the Cu block, and ex-
tremities ACDF, Cu wires lead to precision voltmeters at
ambient temperature T„saywith wires AH, CE, DG,
and FJ, respectively.

Let one measurement be, e.g. , with T, = TE, and
T2 —Tg y

Vza = Vatic+ Vca + Vaw + V

= —f Sc„dT f Sc„—dT

—f Sc,d T f Sc„d—T,
the first and last terms cancel out, and we have

Viola = Vcr =(Scu —Sct)(T2 —To), since in the second
and third integrals the limits are so close to each other
that the functions Sc„andS«can be considered to be
constant in the ( T2 —To ) relative interval. The same idea
is true for the various potential differences that we are
measuring: it is sufficient to consider the potential
differences between the leads on the Cu block, and to as-
sume the constancy of the S functions in the small tem-
perature intervals. Four potential differences can be mea-
sured V1= V~ —VF, V2= Vc V~ V3= V~ —V~,
V4= Vc —

VD IFig. 2(b)]. Explicitly, e.g. ,

V3 = ( V„—V~ ) + ( V~ —V~ ) + ( V~ —V~ )

Sct(TO T2) Ss(T2 Tl) Sct(T1 T0)

where Ss is the TEP of the sample at the appropriate
(T2=T&) mean (sample) temperature Ts=(T2+T, )/2—to be, in fact, self-consistently determined (see below).
Some trivial algebra leads to V3=(T2 —T, )(Sc,—Ss).
Similarly V4= ( T2 —

T& )(Sc„—Ss ). The difference
V4-V3=(Tz —T&)(Sc„—Sc, )—the latter difference be-
ing a (known from our own calibration table) function of

The mean temperature is determined from

Ts =( T2+ T, ) l2
=To+ ( Ti —To )l2+ ( T2 —To ) /2 (A2)

in which the values of ( T, —To ) and ( T2 —To ) are given
in terms of V1 and V2, respectively, divided by
(Sc„—Sc, ), - which is, in fact, a function of Ts. An
iteration loop is then made starting from To in order to
determine the "real" Tz which is back inserted into the
appropriate functions (Sc„—Sc, ) and Sc„(T).

In fact, we do not measure V2 (which determines
T2 —To ) anymore in order to speed up the acquisition
process because V2= V4 —V3+ V1.

The thermal run thus goes as follows: we stabilize To
through the regulation H2. The heat fIows to the sample
through the sample holder and introduces some "residual
potential difference" (of the order of 500 nV). All the
"residual" Vi's are measured at the steady state. The
temperature gradient is then applied (during a prepro-
grammed time at the beginning of the experimental run).
It is about 1.0 K. After the steady state is reached the
Vj's are then measured, and the above calculations made
to determine Tz and Ss.

Three remarks are still in order. First, the values
Vj —Vi in the above formulas are clearly those corrected
for the residual potential difference resulting from the in-
crease of the block temperature (controlled by H2) at
every step before the gradient of temperature from the
heater H1 is imposed. The second remark is crucial to
our method: by measuring V3 and V4 we measure the
effect of the electrical path through the sample and, in
particular, at points B and E, and therefore have direct
information on the validity of the contacts. (This is, for
us, an important test. ) The third remark is related to the
latter in indicating that T2, T„and T, (in fact, their rela-
tive values) can be determined from Vl and V2 as well,
but such measurements are, in our opinion, less well suit-
ed since they bypass the electrical path through the sam-
ple, hence the test on the contacts. Finally notice that
the Ct-Cu thermocouples are better suited for our (relat-
ed) study since they are not influenced by a magnetic
field, in contrast to Fe-Cu thermocouples. '

(the mean) temperature. V4-V3 is obviously the measure
of the temperature gradient on the sample. This being
determined, we go back to the measure of V4 to extract
the value of Ss, i.e.,

Ss =Sc„(T) V4/—(T2 —T, ) .
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