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We discuss the resistivity, the Hall effect, the Nernst effect, and the magnetization in the mixed state

taking the motion of the Abrikosov and Josephson vortices into account.

Measurements on a

(BiPb),Sr,Ca,Cu;0,, tape point out how the contribution of the Josephson vortices to the resistivity p,
prevails at low temperatures and an analytical expression for p; is proposed. Above the irreversibility
line the Hall effect, the Nernst effect, and the magnetization are less affected by the granularity of the
material and, at first approximation, can be considered to be intrinsic properties. Starting from this as-
sumption, we calculate the contribution of the Abrikosov vortices to the resistivity p 4 using the Nernst
effect and the reversible magnetization data. The p 4 thus calculated has an order of magnitude close to
the values reported in literature for single crystals, and shows an activated behavior with temperature,
whose activation energy value is in strict agreement with that measured in epitaxial thin films of Bi(2223)

compound.

I. INTRODUCTION

In the last years the study of the (BiPb),Sr,Ca,Cu;0,,
compound [Bi(2223)] has been arousing great interest. In
fact, the weak link problem, which limits the perfor-
mance of Y(123), is less important in Bi cuprates; more-
over, the Bi(2223) has a higher transition temperature
(110 K) than the Bi(2212) phase, and appreciable values
of pinning energies. These characteristics make Bi(2223)
the most promising candidate for practical applications.
A fast technological development has led to the capabili-
ty to realize long tapes carrying high critical currents (up
to 42 kA/cm? at 77 K and zero field'™3) using the
“powder-in-tube” method; the samples so obtained are
silver sheathed, with highly textured and strongly linked
grains. The critical current depends strongly on the mag-
netic field and for further applicative development it is
crucial to understand the dissipation mechanisms. In
particular, great effort has been devoted to determine
whether, in the presence of an applied magnetic field, the
critical current is limited by intrinsic intragrain mecha-
nisms or by intergrain dissipation. In order to under-
stand the supercurrent behavior, phenomenological mod-
els related to the structure of the Bi(2223) tapes have
been proposed; they point out the role of the weak links
between the platelike grains stacked like bricks in a wall*
or, alternatively, they assume that the small angle c-axis
tilted grain boundaries constitute strong links.»® The
field dependence analysis of the critical current indicates
that at high temperatures the mechanism limiting the
current arises from thermally activated flux creep of pan-
cake vortices, while, as temperature and magnetic field
decrease, granularity plays a dominant role.”® Till now,
the electrical transport properties of the tapes have been
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mainly characterized through analysis of the magnetiza-
tion loops and current-voltage characteristics.®” !¢ In
this paper, we present measurements of magnetoresistivi-
ty, Hall effect, Nernst effect, and reversible magnetization
that allow us to investigate the dissipation mechanisms
above the irreversibility line.

The galvanomagnetic and thermomagnetic effects in
the mixed state arise from the motion of vortex lines due
to an external driving force. Therefore, a close connec-
tion exists between the transport coefficients and a com-
parative analysis can help the comprehension of the vari-
ous dissipative mechanisms present in a tape. In an iso-
tropic superconductor the motion of the Abrikosov vor-
tices plays a dominant role, but in high-temperature su-
perconductors (HTSC’s), various kinds of vortices must
be considered. In fact, owing to the layered structure of
these materials, when the magnetic field is applied per-
pendicular to the ¢ axis, coreless vortices lie between the
CuO, planes.'”” Moreover, in a bidimensional system
thermal fluctuations, as vortex antivortex pairs, can con-
tribute to dissipation,'® but this contribution is negligible
in the high field conditions we consider and, therefore,
will be neglected in the following. On the contrary, in
polycrystalline samples it is necessary to take into ac-
count the contribution of the Josephson vortices that are
present in the links between the grain boundaries.

In the following sections we describe the magnetoresis-
tivity, the Hall effect, the Nernst effect, and the magneti-
zation in a polycrystalline sample, where the motion of
the Abrikosov and Josephson vortices (between the CuO,
planes and at the grain boundaries) must be taken into ac-
count. Measurements of the transport coefficients per-
formed on Bi(2223) textured tapes are analyzed and the
different role played intergranular dissipation in the
transport properties is discussed.
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II. TRANSPORT PROPERTIES
IN A POLYCRYSTALLINE SAMPLE

A. The contribution of the Abrikosov vortices

In the flux flow regime, in the presence of an applied
current density J, the Abrikosov vortices (V) move
driven by the Lorentz force F; =J A ¢,, where ¢, is the
flux quantum defined in the direction of the magnetic
field; the Magnus force Fy =(a/¢g)v,A¢d, and the
viscous force F, = —nv,, arise because of the motion of
vortex lines with velocity v, where a and 1 are Hall drag
and the viscous coefficients, respectively. In the presence
of pinning centers, Vinokur, Geshkenbein, and Feigel’-
man!® introduced a mean pinning force F,=—vv, that
opposes the vortex motion and renormalizes the viscous
force. He finds a scaling law between p,, and p,, in-
dependent of disorder (a is not altered by pinning):

pxy=;‘:§pi : (1

This equation predicts a quadratic dependence between
Pxy and p,, observable in the low-temperature region
where the small temperature dependence of a can be
neglected with respect to the thermally activated
behavior of p,,. Experimental data for YBCO(123),
T1(2212), and Bi(2212) single crystals and epitaxial
films?° =24 confirm this theoretical approach and show a
universal power law p,, =K p2., with 8 ranging from 1.8
to 2 and K independent of the magnetic field; this
implies that a scales linearly with the magnetic field.
Equation (1) predicts that the Hall conductivity
Oy =Py (P2 +p%) ' =p,. /pi, ~a/$oB is independent
of the disorder. This result was directly verified by
Samoilov et al.?®

In the mixed state, when a thermal gradient VT is ap-
plied, both species carrying entropy, i.e., vortices and
quasiparticles, diffuse driven by thermal forces. The oc-
currence of an electric field requires an active phase slip
mechanism,?® and therefore, transversal and longitudinal
voltages appear owing to the motion of vortices only.
The diffusion of normal quasiparticles, both bounded in
the vortex core and unbounded outside it,>” ~?° contrib-
utes indirectly to dissipation causing a supercurrent
counterflow that drives the vortices perpendicular to
VT.30732 This effect, not emphasized in conventional su-
perconductors, gives rise to the Seebeck effect in the
mixed state.

The Nernst voltage is generated by the diffusion of vor-
tices under the effect of the thermal force Fy,=—S,VT,
where S, is the entropy of a flux line per unit length.*
The viscous force balances the effect of F,, and, accord-
ing to the Josephson relation,?® a voltage transversal to
the temperature gradient appears. Neglecting the term
proportional to the Hall angle, the Nernst effect is then
given by:2427,31,32

QBz(Sq,/qﬁo)pxx . (2)
B. The contribution of the Josephson vortices

In HTSC’s two kinds of Josephson vortices have to be
taken into account: the Josephson vortices in the links at
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the grain boundaries (Vy,,) and the coreless vortices ly-
ing between the CuO, planes (Vjc,0). In order to esti-
mate how the Josephson vortices contribute to the
different transport coefficients, two aspects must be con-
sidered: (1) Coreless vortices cannot experience the same
forces as vortices with a metallic core, and (2) in HTSC’s
the viscous coefficient is strongly anisotropic and the
motion in certain directions can be inhibited.

In the presence of an applied current, the Lorentz
force drives the Josephson and Abrikosov vortices alike.
However, the Vj,,, bounded along the grain boundaries,
cannot move freely; therefore, the Magnus force, perpen-
dicular to the vortex velocity, is counterbalanced by the
bound reaction and the Vj, move contributing to the
resistivity and not to the Hall effect.

In the case of the V¢ o, owing to the layered structure
of HTSC materials, the pinning force varies strongly with
space. In particular, intrinsic pinning®* opposes the
motion in the ¢ direction, while the Vjc,o move nearly
free parallel to the ab planes. The problem of the vortex
motion in a tilted magnetic field has been theoretically
dealt with.*® To evaluate qualitatively the V;c,o contri-
bution to the resistivity and to the Hall effect we have to
consider two different situations: (1) J parallel to the ¢
axis: Vjc,0 move freely parallel to the ab planes driven
by the Lorentz force while the Magnus force is counter-
balanced by the intrinsic pinning reaction (p,, large and
Pxy small). (2) J perpendicular to the c¢ axis: the Lorentz
force is inhibited by intrinsic pinning, while the motion
parallel to the ab planes is free, but, since v, is small, the
Magnus force is small (p,, small and p,;, small).

In this simplified picture we have found that the V.o
contribution to the Hall effect is negligible, while Vjc,o
contribute to the resistivity (mainly when J||c). Experi-
mental data are in agreement with this analysis. p,, was
measured in g-axis- and in c-axis-oriented Eu-Ba-Cu-O
thin films*®37 and it has been shown to be 50 times small-
er when the field is applied perpendicular to the ¢ axis. A
similar result was obtained in a Bi(2223) melt textured
sample, measured with B|c and Blc.*® The Hall effect
measured in a Y-Ba-Cu-O single crystal®® in the
configuration Jlc is negligibly small below 84 Kina 10 T
magnetic field, but shows large and negative values near
the transition temperature. This is not in contrast with
our analysis; in fact, at high temperatures the intrinsic
pinning is less effective and, in the J1lc configuration, the
Magnus force is directed parallel to the ab planes where
the friction coefficient is very low. In the presence of a
thermal gradient, the thermal forces are related to the en-
tropy carried by the vortices and, therefore, it was gen-
erally believed that the Josephson vortices contribute
weakly to the thermomagnetic coefficients.*>*! In the
case of the Seebeck effect this assumption was experimen-
tally demonstrated by Samoilov, Yurgens, and Zavarit-
sky,’! who did not observe any magneto-Seebeck effect
when the magnetic field was applied perpendicular to the
c axis. Nevertheless, recently, Coffey emphasized the
contribution of the moving Josephson vortices to the
transport entropy.*>** He calculated the entropy of mov-
ing vortices in low and intermediate field:*?
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where H,, and H_, are the first and the second critical
fields, respectively, and k is the Ginzburg-Landau param-

eter. In an anisotropic superconductor, the critical fields
scale with the characteristic lengths as*
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where || and 1 are relative to the c axis and A, and A, are

the penetration depths perpendicular and parallel to the ¢

axis, and &, and &, are the coherence lengths perpendic-

ular and parallel to the c axis. Therefore, an approximate

relation between the entropy of the coreless and the Abri-

kosov vortices can be obtained by using Egs. (3) and (4):
)‘ab

wiz‘;jszpu : (5)

S
The ratio T=A_./A,, is the factor of anisotropy that in
Y-Ba-Cu-O is of the order of 10 (Ref. 45) and in Bi-based
compounds may be much larger;*®*7 increasing the an-
isotropy S, becomes negligible in respect to S, and the
thermal force applied to the Vjc,o, too. The Nernst
effect measurements in a Y-Ba-Cu-O melt textured sam-
ple*® have been performed, varying the direction of mag-
netic field and thermal gradient in respect to the c axis.
The authors analyzed the data using the relation (5) and
emphasized the importance of anisotropy of the viscous
coefficient. When Blc and VTlc the thermal force is
small, but the resistive viscous force parallel to the ab
planes is much smaller and a large Nernst voltage is ob-
served; when Blc and VT ||c the intrinsic pinning is active
and the Nernst effect is negligible.

It is not easy to estimate the Vj,, contribution to the
thermomagnetic effects. A measurement of the Nernst
voltage in a Josephson junction of low-temperature su-
perconductors has been reported,* but the experimental
conditions (H <H,,) were very different from those in
which we are interested. On the one hand, if a propor-
tionality between the entropy and the reversible magneti-
zation exists [see below Egs. (9) and (10)], we expect that
at high field the entropy carried by vortices at the grain
boundaries becomes negligible; on the other hand, our ig-
norance about the V7, contribution to the thermomag-
netic coefficients is increased by the fact that in a poly-
crystalline sample also the temperature gradient, to
which Vy,, are sensitive, is unknown. In conclusion, we
do not know if the V,, contribute to the Nernst effect in
a significant way.

At this point, we summarize the results achieved so
far. For the superposition principle, the electric fields
arising from the motion of different kinds of vortices are
additive. Therefore, in a polycrystalline sample, at high
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fields and at temperatures far from the transition, we can
write the resistivity, the Hall effect, and the Nernst effect
as

Pxx =P 4T Picuo T Prgs (6)
pxy ~PHA > (7)
0=~Q 4+ Qicuo T Qig(?) (8)

where the subscripts 4, JCuO, and Jgb indicate the con-
tribution of V4, Vjcuo, and Vi, respectively; the ques-
tion mark indicates that we are not able to estimate
whether the Qj,, contribution is negligible or not.
Equations (6)-(8) have been written for an isotropic
polycrystal, but in our case we deal with highly textured
samples with BJ|c. In fact, these samples present a rock-
ing angle of 8° determined by the full width at half max-
imum of rocking curves of the most intense (00/) peaks of
the x-ray diffraction pattern of the filament surface.” A
rocking angle of 8° implies that in an applied magnetic
field the coreless vortices are one order of magnitude
fewer than the pancake vortices. Moreover, the random
orientation of the c axis implies a nearly equal number of
coreless vortices and opposite vorticity; vortex and an-
tivortex pairs contribute to the resistivity but not to the
transversal voltages (Hall and Nernst effects).?®3%3!
Therefore, in our case Eq. (8) may be simplified to

Q=Q 4+ Qp(?) . (8)

III. THE MAGNETIZATION

A dc magnetization measurement integrates the mag-
netic response of the samples and it is not able to
differentiate whether the magnetic signal originates from
a connected region of the sample or not. Therefore, to
separate the intragrain and intergrain contributions, the
magnetization measurements should be supported by
transport measurements. This kind of approach has
pointed out that, in Bi(2223)-Ag tapes, in a region of high
temperatures and high magnetic fields, the critical
current flows on the same macroscopic scale both in mag-
netization and transport measurements.” From magneti-
zation and transport measurements, Cuthbert et al.” de-
duced a phase diagram where the dominant dissipation
regimes in the H-T plane are emphasized. Below the ir-
reversibility line lies a region where the intragranular
mechanisms are dominant (flux creep of the Abrikosov
vortices); as temperature decrease the critical current of
the grains increases exponentially and, when it reaches
the critical current of the links between the grains, the
limiting mechanism is related to the motion of the
Josephson vortices. Therefore, in a low-temperature and
low-field region, the dominant mechanism is the inter-
granular dissipation. This behavior is confirmed by
transport measurements in Ref. 8.

At high fields the reversible magnetization of the
Josephson junctions is negligible; therefore, in polycrys-
talline samples it is expected to be independent of the
granularity of the materials, as confirmed by the diagram
in Ref. 7. In highly anisotropic systems also the Vjc,o
contribution to the reversible magnetization can be
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neglected; in fact, the reversible magnetization is related
to the first critical field H,; though the London equa-
tion>? and, therefore, the strong anisotropy of H,; [Eq.
(4)] entails a strong anisotropy of the magnetization. In
conclusion, the reversible magnetization is mainly due to
the Abrikosov vortices.

In the reversible region a close correlation between the
magnetization and the entropy carried by the vortices ex-
ists. Using the linearized microscopic theory near H,,,
Maki>? obtained the result

_ %o ®o

vrmn="2ep (pHaD—H
o= ( =T (

S L A
(2k2'_‘1)ﬁ,4

’ )

where M (T) is the reversible magnetization and L (T) is
a function that is 1 near T, and decreases monotonically
as temperature decreases; in the last equality the reversi-
ble magnetization obtained by Abrikosov in the high-field
limit has been included. Within the framework of the
time-dependent Ginzburg-Landau theory, Troy and Dor-
sey’* generalized this result to the entire mixed state; they
found

U,=TS,=—¢M , (10)

where U, is the thermal energy. Equations (9) and (10)
coincide close to T,. The validity of Eq. (10) has been
well verified in Y-Ba-Cu-O compound, comparing
dU,/dT obtained from the magnetization,> the Nernst
effect,?*°% and the Ettingshausens effect.’’ Moreover, the
U p curves, obtained from the Nernst effect measure-
ments,** have been fitted using the model of Hao et al.
for the reversible magnetization,55 and the value found
for the Ginzburg-Landau parameter k is in agreement
with that obtained from magnetization measurement.>’

IV. EXPERIMENTAL DATA

All the experiments have been performed on Ag-
sheathed Bi(2223) tapes. The samples were prepared by
the powder in tube method, which is described in more
detail elsewhere.*>* % Pure and reinforced Ag tubes
were filled with precursor powders which were mainly
composed of the Bi(2212) phase. The tubes were sealed
an cold deformed by swaging and drawing to a final wire
diameter of about 1 to 2 mm. In order to have a tapelike
shape, the wires were rolled down to an overall thickness
of about 100 um. Finally, the tapes were treated at a
temperature of about 830-840°C in order to form the
Bi(2223) phase. The Bi(2223) grains are about 30 um in
diameter and they are highly textured (mean misalign-
ment angle of about 8°). The critical current density of
the tapes as enhanced by alternating heat treatments and
densification steps, which are uniaxial pressing in the case
of short samples and cold rolling in the case of long tapes.
Typical J, values at liquid nitrogen temperature and in
the self-field of the tapes under investigation are generally
above 20 kA/cm?. The Bi(2223) filament normally ac-
counts for about 30% of the total cross section. The Ag
sheath was mechanically removed in order to avoid spuri-
ous effects on the transport properties.

The experimental apparatus for the transport measure-
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ments, completely automated, allows one to perform a
complete set of measurements in two temperature runs
without changing the sample holder and contacts: in the
first run, an electric current is applied and the magne-
toresistivity and the Hall effect are measured; in the
second, a thermal gradient is imposed and the Nernst and
Seebeck effects are measured. In both cases, the magnetic
field is increased up to 8 T and the direction is reversed to
estimate the transversal voltages. The longitudinal and
transversal voltages were measured with Cu wires with
an accuracy of about 1 nV. The temperature differences
were measured with a Au(0.7% Fe)-Chromel thermocou-
ple using an ac technique: a 0.1-0.01 Hz alternating
temperature difference, whose amplitude can be varied up
to 100 mK, was applied to the sample; our sensitivity is
less than 1 mK.

The magnetoresistivity, the Hall effect, and the Nernst
effect are shown in Fig. 1 from 40 to 120 K in a magnetic
field up to 8 T applied perpendicular to the tape plane.
The resistivity just above the transition is of the order of

T T T T T
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=
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a) 1+
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O [
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FIG. 1. (a) The resistivity, (b) the Hall effect, and (c) the
Nernst effect form 40 to 120 K. The magnetic field was applied
perpendicular to the tape.
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FIG. 2. Reversible magnetization versus temperature at

uoH=0.2,1,2,3,4,5T. In the inset an enlargement of the re-
gion near the transition is shown.

1 mQcm, a typical value for a polycrystal,’! then the
curve steeply decreases showing a transition temperature
onset of 110 K and a transition width of 7 K at zero field.
Increasing the magnetic field the curves broaden and at 8
T the resistivity reaches zero at 40 K. Figure 1(b) shows
the Hall effect. Starting from the normal state the Hall
resistivity decreases, shows a minimum that for the
lowest fields is negative, and then goes to zero. The
change of sign of the Hall effect just below the transition
temperature is common to all the HTSC materials and,
despite numerous attempts to explain this anomaly, its
origin remains unclear.’®%7% The Nernst effect is re-
ported in Fig. 1(c). In the normal state, QB is zero within
our sensitivity;%’ 10 K above T, it increases because of
the thermal fluctuations,?* passes through a maximum,
which is 100 K at 0.2 T, and shifts to 90 K at 8 T, then
vanishes to zero.

The dc magnetization was measured in a Quantum
Design superconducting quantum interference device
magnetometer in a field up to 5.5 T, in a temperature
range from 5 to 150 K; the magnetic moment was mea-
sured with an accuracy of 107° A m% The magnetic field
was applied parallel to the ¢ axis of the sample and the
magnetization was measured above the irreversibility
line!> detected by a deformation of the magnetic response
when the sample is moved through the coils.%® Figure 2
shows the magnetization in the reversible region. A
temperature-independent  diamagnetic  susceptibility,
measured in the normal state, has been subtracted. The
figure inset shows an enlargement of the transition re-
gion. A rounding of the M (T,H) curves becomes re-
markable as the field increases, indicating an enhance-
ment of the fluctuation contribution.* ! One of the
characteristic features is the existence of a crossing point
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at which the magnetization takes a constant value in-
dependent of the magnetic field.”! Our experimental re-
sult yields the value of uoM*=—0.26 mT at the crossing
point T*=108.5 K, in agreement with Ref. 72.

V. DISCUSSION

A. The magnetoresistivity, the Hall effect,
and the Nernst effect

We start by considering the scaling relation between
the magnetoresistivity and the Hall resistivity; in Fig. 3
we plot p,, versus p,, in a log-log scale. The straight line
in the plot corresponds to p,, < p?. with 8=2.9. Actual-
ly, the experimental data, best fitted in the low-
temperature region only, follow a power law with 3=2.2,
2.8, 3, and 3.2 at ypH =1, 4, 6, and 8 T, respectively.
Therefore, as the field increases, our data depart from the
Vinokur relation ($=2), and, as for other polycrystalline
samples,’”> show a scaling law with B~3. Let us show
what 3> 2 entails. From Egs. (6) and (7) it follows that
the measured Hall resistivity is given by p,, =~py,, while
Pxx =P 4 +py, Where p; indicates both the Josephson con-
tributions to the resistivity. Therefore, in the low-
temperature region, we can write

Py =Pua= (patps P, (11)

where B>2. For a single crystal inside our sample, in a
magnetic field B|lc, it must be p,, =py,, and p,, =p 4 re-
lated by the scaling law

Pxy =PHA P4 - (12)
Equalizing Egs. (11) and (12) we find

1+£{_ ocp;(B—Z)/B . (13)
Pa

Equation (13) means that, for B8 going to 2, the right

P

]0-4 1 L s 1 L 1
10! 10? 10%

Pre (US2m)

FIG. 3. p,, versus p,, in a log-log plot; the straight line cor-
responds to p,, = p?, with f=2.9.
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FIG. 4. QBdy/p,, versus temperature.

member is independent of p , and equal to 1, and p, van-
ishes; as B increases, the right member depends more and
more on p, and the strong temperature dependence of
p 4 entails that the ratio p; /p , diverges at low tempera-
tures where p , goes to zero. Thus, we find that, at a
fixed field (i.e., fixed f3), the contribution of the Josephson
vortices to the resistivity predominates in the low-
temperature region while, as temperature increases, it be-
comes less important; this confirms that the long tail in
the magnetoresistivity of polycrystalline samples may be
attributed to the weak link dissipation. The field depen-
dence of the ratio p; /p 4 is less clear. We find that 3 de-
creases with decreasing field, and the ratio p;/p 4 too;
but, decreasing the field, p , vanishes at higher tempera-
ture. Therefore, varying the field, the temperature ranges
where Eq. (13) is valid are different, and the ranges do not
overlap. In conclusion, one of our results is that, in
agreement with other experimental evidences,'"!? the in-
tergrain dissipation predominates at low temperature.
The relation (13) may be checked by comparison with the
thermomagnetic effect. We consider the relation between
the Nernst effect and the resistivity. In Fig. 4, we plot
QB¢,/p which for the Abrikosov vortices [Eq. (2)], is
equal to the entropy S o- We find a family of curves that
rises from zero near T,and then reaches a nearly constant
value that, as the field increases, is higher. As we dis-
cussed in Sec. III, the transported entropy is proportional
to the magnetization and, therefore, it is expected to have
a field dependence opposite to the one we find. Behaviors
such as those presented in Fig. 4 were often observed in
polycrystalline samples,*”:¢! while recently, S, measure-
ments showed the right relation with the magnetization.?*
As proposed in Ref. 74, we seek the explanation of this
opposite field dependence in the contribution of the
Josephson vortices to the resistivity. Using Egs. (6) and
(8') where, at first approximation, we make the further
hypothesis Q ~Q ,, we can write
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OBoy Q4Bdy Q4B 1
p (patps) pPa l1tps/py

OES,pPA-(B_z)/B , (14)

where in the last equality we used Egs. (2) and (13). p 4
increases strongly with the field, while S, proportional
to the magnetization, slowly decreases with the field;
therefore, Eq. (14) increases with the field and thus we an
explain the field dependence shown in Fig. 4. Practically
it is not necessary to invoke some spurious contribution
to the measured Nernst effect to explain the experimental
results and, even though we cannot exclude some further
terms in Q [see Eq. (8')], we can consider them to be not
remarkable.

B. The Abrikosov contribution to the resistivity

In the section above we have evaluated that in our
sample the contribution of the Josephson vortices to the
resistivity prevails at least in the low-temperature region,
while the main contribution to the Nernst effect seems to
be given by the motion of the Abrikosov vortices. Start-
ing from these assumptions, we try to estimate the Abri-
kosov contribution to the resistivity.

We consider the magnetization curves in Fig. 2, and re-
calling (see Sec. III) that it is well verified that the reversi-
ble magnetization is due to the Abrikosov vortices only,
from Eq. (10) we calculate the entropy as S, =¢,M /T.
S‘p is reported in Fig. S for uyoH=1, 2, 3, 4,5 T. We can
observe that the behavior of these curves is different from
what we found in Fig. 4; the field dependence is opposite
and the absolute value is one order of magnitude higher.
We have seen that the anomalies of the curves in Fig. 4
can be explained assuming that only the magnetoresistivi-
ty is affected by weak link dissipation, while the Nernst
effect may be considered to be an intrinsic effect. Follow-

T T T T
© B=IT
30 b * B=2T y
s B=3T
+ B=4T
f\ M
£
X 2.0 |
S
o
o
S
Nl
oS
“ 10 -
00 F .
40 60 80 100 120
T (K)

FIG. 5. S, for the Arikosov vortices as calculated from Eq.
(10).
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ing the same framework, we can calculate the contribu-
tion to the resistivity due to the motion of the Abrikosov
vortices as

- 0Bé¢, L OBT

P4
S, M

(15)

In Fig. 6 we show in an Arrhenius plot the resistivity
curves so obtained at 1, 2, and 4 T; for comparison the
magnetoresistivity p,, measured at the same fields has
been reported. We can observe that p , has a value, a
temperature behavior, and a field dependence in good
agreement with the magnetoresistivity of Y-Ba-Cu-O and
Bi(2212) single crystals.’”%%7>7¢  Because of the
numerous approximations made and of the unusual pro-
cedure used to evaluate p 4, this result may appear aston-
ishing. At temperatures near the transition (the calcula-
tion has been stopped at 105 K), the curves do not join
together, maybe because some dissipation mechanisms
(such as quasiparticles, fluctuation, etc.) were not con-
sidered in our calculation. In the whole temperature
range p 4, shows an activated behavior. We have calculat-
ed the activation energy U, by fitting the data with an ex-
ponential law; the U, values so obtained are 950, 760,
and 600 K at 1, 2, and 4 T, respectively, and are in strict
agreement with those found on Bi(2223) epitaxial films
oriented with Bjjc.’

Comparing p 4, with p,,, we find that the calculated
curves are more than one order of magnitude lower than
the measured ones. At first sight this difference might
seem excessive, but reflects exactly the difference between
the transition resistivity of a polycrystal (1-1.5 m{Q cm)
and that of a single crystal (50-100 uf). So we have
found that, at first approximation the measured p,,
represents only the Josephson contribution p;. This al-
lows us to check the validity of Eq. (13) which predicts an
increasing ratio p;/p, with decreasing temperature.
This behavior is confirmed looking over Fig. 6; in fact, we
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FIG. 7. p,, versus p 4 in a log-log plot; the straight line cor-
responds to p,, < p?, with B=2.

find that at all fields the ratio p;/p 4 is about 30 at the
highest temperatures and becomes 100 at the lowest tem-
peratures at which p 4 has been estimated. For further
decrease of temperature the slope of p,, increases, but we
are not able to calculate p , because we enter the irrever-
sibility region.

These results encourage us to think that the p 4 evalua-
tion might be correct. As a further check, we present the
scaling law between the measured p,, and p 4. In Fig. 7,
we report p,, versus p 4 in a log-log plot for u =1, 2,
and 4 T; the solid line represents p,, < PP with B=2. We
see that, even though the data are a little noisy, in the
low-temperature region they are in good agreement with
the model of Vinokur, Geshkenbein, and Feigel’man,19
while we recall that the scaling law between p,, and p,,
at 4 T gives B=2.8.

This last result confirms our starting point which as-
sumed that the Hall resistivity is mainly due to the
motion of Abrikosov vortices. Moreover, since p 4, has
been calculated from the Nernst effect and the magneti-
zation [see Eq. (16)], our conclusion is that to the Joseph-
son vortices play an unimportant role in such properties.
This conclusion appears even more remarkable consider-
ing that the magnetoresistivity is dominated by weak link
dissipation.

VI. CONCLUSION

In this paper we have made a comparative analysis of
the transport coefficients in a Bi(2223) tape in order to
point out the contribution of the Josephson vortices to
dissipation. Starting from the assumption that the Hall
resistivity is not affected by weak link contributions, we
have obtained for the ratio p;/p , a relation indicating
that the contribution of the Josephson vortices to the
resistivity prevails in the low-temperature region. This



9734

result goes in the direction outlined by magnetization and
critical current measurements, where a dominant weak
link dissipation is observed at low temperatures and low
fields.”® Nevertheless, the Hall and Nernst effects do not
seem to be so affected by the weak link dissipation as we
have inferred in the following ways. First, we have ana-
lyzed the p-Q scaling relation: considering the p; contri-
bution only, we explained the observed anomalies
without the necessity to invoke a considerable weak link
contribution to Q. Second, we have analyzed the reversi-
ble magnetization. M provides an independent estimate
of the entropy S, that, together with the Nernst effect,
has allowed us to evaluate the resistivity of the Abrikosov
vortices p 4. The p, so calculated shows an order of
magnitude, a temperature behavior, and a field depen-
dence very close to those observed in HTSC single crys-
tals and the activation energies calculated by the Ar-
rhenius plot are in good agreement with the values ob-
tained in Bi(2223) epitaxial thin films. Finally, the scaling
relation between the measured p,, and the calculated p ,
is in very good agreement with the Vinokur law.

The comparative analysis of different measurements
and the overall consistency of the results lead us to con-
clude that in our Bi(2223) tape, analyzed in the reversible
region, intragrain and intergrain mechanisms play
different roles in the transport properties; in particular,
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the magnetoresistivity is dominated by weak link dissipa-
tion, while the Hall and the Nernst effects are weakly per-
turbed by the granularity of the material.

Our results are clearly related to the characteristics of
the samples considered, but give a contribution to the
comprehension of important issues. In particular, to un-
derstand the cause of the resistivity transition broadening
in an applied magnetic field is strictly related to the tech-
nological approaches that study the enhancement of the
critical current. More fundamental information has
come from the other transport properties. Hall resistivi-
ty measurements in Josephson junctions and in Blc
configuration can help to clarify the real meaning of the
Magnus force and a controversial phenomenon such as
the sign reversal of the Hall effect in the mixed state.
How the Josephson vortices contribute to the ther-
momagnetic effects is another open issue related both to
the effective entropy carried by coreless vortices and to
the anisotropy of the viscous force; also in this case more
direct measurements on well-characterized samples are
necessary.
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