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Irreversible critical current and the anomalous magnetic-moment peak
in silver-sheathed„Pb,Bi…2Sr2Ca2Cu3O101y tapes
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We have measured under zero-field-cooled~ZFC! and field-cooled~FC! conditions the magnetic moments of
a high-quality~Pb,Bi!2Sr2Ca2Cu3O101y tape at 5 K in perpendicular applied fields up to 1 T using a super-
conducting quantum interference device magnetometer. The intergranular magnetic moment, obtained by sub-
tracting from the total magnetic moment the intragranular moment of the ‘‘bent’’ tape shows a pronounced
anomalous peak at a positive fieldHp . To interpret the experimental data the critical-state model for a flat
superconducting strip in a perpendicular field is employed. The model includes the field dependence of the
intergranular critical current density in first order. The field at grain-boundary Josephson junctions, which
strongly influences the intergranular current, is estimated by taking the demagnetizing effect of the grains into
account. The model predicts correctly the measured intergranular magnetic moments and the behavior of the
anomalous peak in both the ZFC and the FC case. The saturation of the remanent intragranular magnetization
occurs at a lower maximum field than the saturation ofHp which can be well understood in terms of the
demagnetizing effect of the grains. A model which neglects grain demagnetization but instead takes the vortex
distribution of vortices near Josephson junctions into account cannot describe quantitatively the observed
behavior of the anomalous peak.@S0163-1829~97!02701-X#
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I. INTRODUCTION

Silver-sheathed~Pb,Bi!2Sr2Ca2Cu3O101y tapes~PBSCCO
tapes! consist of thin, about 10mm wide grain platelets
where the platelets generally align within 5°–10° with thec
direction perpendicular to the plane of the tape and thea and
b directions are oriented at random from platelet to platel1

This grain alignment in conjunction with a high density giv
the tape a very high intergranular~transport! critical current
densityJcJ . Measuring the magnetic moment of a tape, o
finds that it consists of two parts, the intergranular mome
originating from an induced intergranular~transport! current
and the intragranular magnetic moment, originating from
duced currents circulating in grains.2,3 In most PBSCCO
tapes the intergranular magnetic moment is greater than
intragranular one simply because of the large intergran
critical current densityJcJ . This is contrary to non-grain
aligned polycrystalline high-temperature superconduc
where, because of the small intergranular critical curr
density in these materials, the intergranular moment is m
weaker than the intragranular one. As in non-grain-align
polycrystalline high-temperature superconductors,4–9 the
transport critical current of PBSCCO tapes shows hyster
behavior10 which is attributed to the presence of trapped fl
in the grains. Using the electrical four-point-probe meth
one finds that, because of the grain-boundary weak links,
critical current density decreases rapidly in an increasing
plied field.11 In the zero-field-cooling~ZFC! case, if one
stops the field sweep at a maximum fieldHm which is greater
thanHc1G ~lower critical field of the grains! and then de-
creases the applied field, one findsJcJ to be greater than the
initial, virgin critical current density andJcJ goes through
550163-1829/97/55~1!/630~12!/$10.00
.
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a maximum at a positive fieldHp .
4–10 In the field-cooling

~FC! case one finds a similar behavior forJcJ but now
Hp,FC>Hp,ZFC because of the different amounts of flu
trapped under FC and ZFC conditions.7 The hysteretic be-
havior of JcJ is most pronounced at low temperature. B
causeJcJ is large in the PBSCCO tapes, the hysteretic b
havior ofJcJ has a strong effect on the shape of the magn
momentm. In good tapes, where the intergranular magne
moment is larger than the intragranular one, a pronoun
anomalous peak appears at a positive applied field wh
according to the critical-state model, corresponds to the p
behavior ofJcJ .

2,12–14

Evetts and Glowacki4 have interpreted the hysteretic b
havior ofJcJ in the ZFC case in a qualitative way by appl
ing the critical-state model to the grains, arguing that
resulting dipole field of the grains, which spills into the in
tergranular region, causes the observed hysteresis. Qu
different model has been proposed by D’yachenko9 in which
the hysteretic behavior ofJcJ is assumed to be caused by th
change in the direction of the intragranular current near
grain surface where the current adds to—or subtracts from
the Meissner shielding current, depending on whether
applied field is being increased or decreased.

We employ a simple theoretical model whose main fe
tures were initially proposed by Zhukovet al.6 It strongly
relates to the idea of the qualitative Evetts model which
been extended to explain quantitatively the hysteretic beh
ior of JcJ in non-grain-aligned polycrystalline high
temperature superconductors.7,8 The model used in this pape
is based on the demagnetizing effect of the grains wh
affects the magnetic field that threads the grain-boundary
sephson junction. In the model the demagnetization depe
630 © 1997 The American Physical Society
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55 631IRREVERSIBLE CRITICAL CURRENT AND THE . . .
on the irreversible magnetization of the grains which in tu
causes the critical current density to become irreversible
sulting in the appearance of an anomalous peak in the in
granular magnetic moment.

In Sec. II we briefly describe the experiment to meas
the intergranular and intragranular magnetic moments a
function of a magnetic field, applied perpendicular to t
tape. In Sec. III we discuss the equations which describe
intergranular magnetic moment of the PBSCCO tape i
perpendicular magnetic field and introduce the demagne
ing effect of grains into the model. In Sec. IV we compa
the experimental data of the intergranular magnetic mom
with the predictions of our theoretical model and elucid
the dependence of the anomalous peak on the maximum
plied field for both ZFC and FC conditions. We demonstr
that the demagnetizing effect of the grains is responsible
the observed behavior of the anomalous peak seen in
intergranular magnetic moment of PBSCCO tapes and
show that the D’yachenko model9 cannot describe quantita
tively the behavior of the anomalous peak.

Finally in Sec. V we summarize our findings. In the A
pendix we derive equations for the anomalous peak using
D’yachenko model.

II. EXPERIMENT

The monofilamentary tape, used in our measureme
was prepared by employing the powder-in-tube meth
where strong alignment of the grains is achieved by pres
and rolling of the PBSCCO powder encapsulated in a sil
sheath. Details about this method have been reported in
15. X-ray-diffraction measurements indicated that the core
the tape consisted of almost pure 2223 phase with only v
small amounts of 2212 phase present. Using a four-po
probe method, with the usual 1mV/cm electric-field crite-
rion, the transport critical current density was found to
16 000 A/cm2 at 77 K in zero applied field. The averag
thickness of the superconducting core was 60mm and the
width of the core was about 2.3 mm. Two pieces of eq
length of 5.8 mm were cut from a longer tape. The seco
piece was severely curled~bent! along its rolling direction to
the small diameter of;1.2 mm and finally straightened. A
commercial Quantum Design superconducting quantum
terference device~SQUID! magnetometer was employed
measure the magnetic moments of the two pieces of the t
the ‘‘intact’’ tape and the ‘‘bent’’ one, at 5 K under both
zero-field-cooled~ZFC! and field-cooled~FC! conditions.
The field was applied perpendicular to the tape surface,
parallel to the crystallographicc direction of the grains. A
5-cm scan was used and the magnetic field was swept in
no-overshoot mode from the maximum fieldHm to 2Hm
with m0Hm between 25 mT and 1 T.

III. THEORETICAL MODEL

A PBSCCO tape can be viewed as a grain network wh
the grains are well linked by grain-boundary Josephson ju
tions. The current density,J~r ! at pointr inside the tape can
be split into two parts, the intergranular current densityJJ~r !
and the intragranular current densityJG~r ! where

J~r !5JJ~r !1JG~r !. ~1!
e-
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The intergranular current is the Josephson current~thus the
subscriptJ! flowing across grain boundaries while the intr
granular current is flowing inside grains~thus the subscript
G! and is determined by the pinning of pancake vortices
the grains.2,16 By averaging the microscopic intergranul
current densityJJ~r ! over a volume large compared to th
grain size but small compared to the dimensions of the ta
one obtains the transport current density^JJ&~r ! which flows
over the entire tape.

It has been shown by Majhofer and co-workers17,18 that
the critical currentJcJ of a Josephson network is determine
not only by the magnitude of the Josephson critical curr
but also by the inductances of the Josephson-junction lo
formed by adjacent grains. Majhofer and co-workers17,18also
showed that the magnetic-field behavior of the Joseph
network can be described in terms of a critical-state mo
where the magnetic field penetrates the sample in a ‘‘Be
like’’ fashion. Tinkham and Lobb19 demonstrated that be
sides intrinsic pinning, which is inherent to a Josephson
ray, disorder, and defect pinning are of importance.

The transport current density distribution^JJ& which is
induced in a superconducting strip~or tape!, where the mag-
netic fieldHa is applied perpendicular to the strip, has be
calculated by Brandt and Indenbom20 and later by Zeldov
et al.21

In the zero-field-cooled case~ZFC!, the induced transpor
current densitŷJJ↓& which is flowing along the positive and
negativez direction~see Fig. 1! when the applied fieldHa is
decreased~↓! from the maximum applied fieldHm to Ha , is
given by

^JJ↓&~y,ZFC!5^JJ&~y,Hm ,JcJ!2^JJ&~y,Hm2Ha,2JcJ!,
~2!

where

^JJ&~y,Ha ,JcJ!5H 2JcJ
p

arctan
cy

Ab22y2
; uyu<b

JcJ ; b,uyu,a

~3!

with

c5
Aa22b2

a
, b5

a

cosh~Ha /Hd!
and Hd5JcJd/p.

~4!

FIG. 1. Superconducting core of the monofilamentary tape
proximated by a thin superconducting strip of thicknessd, half
width a, and lengthL.
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632 55K.-H. MÜLLER, C. ANDRIKIDIS, AND Y. C. GUO
Here,a is the half width andd is the thickness of the tape a
indicated in Fig. 1.JcJ is the field-independent intergranula
critical current density whereu^JJ&(y)u<JcJ .

In the field-cooled case~FC! we find

^JJ↓&~y,FC!52^JJ&~y,Hm2Ha ,JcJ!. ~5!

Notice that here the last argument of^JJ& is JcJ and not 2JcJ
as in Eq.~2!. From the current density distribution^JJ↓&(y)
the intergranular magnetic fieldHJ↓(y) in x direction can be
calculated using Biot-Savart’s law. To an accuracy ofd/a
one finds20

HJ↓~y!5
d

2p E
2a

a ^JJ↓&~u!du

y2u
1Ha . ~6!

When the applied field is decreased fromHm to Ha one
obtains for the ZFC case

HJ↓~y,ZFC!5HJ~y,Hm ,JcJ!2HJ~y,Hm2Ha,2JcJ!,
~7!

where

HJ~y!55
0; uyu<b

Hdarctanh
Ay22b2

cuyu
; b,uyu,a

Hdarctanh
cuyu

Ay22b2
; uyu,a.

~8!

And in the FC case we obtain

HJ↓~y,FC!5Hm2HJ~y,Hm2Ha ,JcJ!. ~9!

Notice that the second term on the right containsJcJ and not
2JcJ like the second term in Eq.~7!.

To derive the above analytical expressions for^JJ↓& it
was assumed thatJcJ is independent of the magnetic fie
HJ↓ inside the superconductor. This is an oversimplifyi
assumption, as the transport current of a Josephson net
generally decreases monotonically in an increasing magn
field. By taking the field dependence of the current dens
into account one obtains an improved description of the m
netic properties of the Bi-2223 tape, as we shall see below
is of great importance to notice that the field at a gra
boundary Josephson junction does not only depend on
intergranular magnetic fieldHJ↓ , but also on the magneti
field generated by the grains adjacent to that junction.4,6–8

Therefore, in addition to the intergranular magnetic fie
field lines originating from grains thread the junction. T
main idea of this paper is that the fieldHi at a grain bound-
ary can be approximated by

Hi5HJ↓2GMG~Hi ,Him!, ~10!

which is an implicit equation forHi , where the second term
on the right is the contribution to the magnetic field from t
grains. Here,G is the average demagnetizing factor of t
grain network andMG the average grain magnetization. Th
field Him is the maximum field that was present at a gra
boundary before the applied field was decreased andHim is
defined by the equation

Him5HJ↓~Ha5Hm!2GMG~Him ,Him!. ~11!
ork
tic
y
g-
It
-
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Because the grain magnetizationMG is irreversible,Hi is
hysteretic and thus the transport current of the tape, whic
determined by Josephson currents, shows hysteretic be
ior. The essence of the above described model is illustra
in Fig. 2 which shows schematically two grains where t
intergranular currentI (Hi) crosses the grain boundary. Th
field Hi between the grains is composed of the intergranu
field Hx↓(y) and the return-field,2GMG , of the grains.

Equation~10! is an exact expression for a homogeneou
magnetized, isolated ellipsoid in an external field of sizeHJ↓
where the fieldHi is the magnetic field inside the ellipsoi
with the tangential component ofHi being steady at the
surface.22 The case of two spherical grains close together
been discussed by Waysand,23 while more complicated con
figurations of grains have been investigated by Hodgd
Navarro, and Campbell,24 where in addition comparison
with the effective mean-field theory were made. An attem
to estimateG, using the magnetic dipole approximation, h
been made by Altshuler.8 In reality the demagnetization fac
tor will vary from one grain boundary to the next and th
the factorG in Eq. ~10! is meant to be an average of th
demagnetizing factors of the grain network.

To correct in first order for the missing field dependen
of JcJ , we introduce the revised current density^J̃J↓& to
calculate the intergranular magnetic momentmJ↓ where

^J̃J↓&5^JJ↓&
H0
n

~H01uHi u!n
. ~12!

Notice that^J̃J↓& depends onHi and not onHJ↓ which ac-
counts for the demagnetizing effect of grains and thatHJ↓ in
Eq. ~10! is calculated usinĝJJ↓& and not̂ J̃J↓& which makes
it a first-order correction scheme to include the field dep
dence of the intergranular critical current density into t
model. The exponentn and the fieldH0 depend on the type
of Josephson junctions25 and the morphology of the
network18,19 and bothn andH0 are treated here as phenom
enological parameters.

For the grain magnetizationMG we adopted the simple
expressions derived from the Bean model26,27 for an infinite
slab of thickness 2RG , whereRG corresponds to the averag
grain radius, in a parallel field. The Bean model assumes
the critical current density of grains,JcG , is field indepen-
dent andHc1G50. One finds for decreasingHi in the ZFC
case

FIG. 2. Schematic of magnetic fields at a grain boundary.
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MG
ZFC55

Him
2

2H*
2

~Hi2Him!2

4H*
2Hi ; Him,H*

Him2
H*

2
2

~Hi2Him!2

4H*
2Hi ; Him22H*<Hi

H*

2
; Hi,Him22H* .

~13!

Here, H* is the field of full penetration into grains, i.e
H*5JcGRG .

In the FC case one finds28

MG
FC5H Him2Hi2

~Him2Hi !
2

2H*
2Hi ; Him2Hi<H*

H*

2
; Him2Hi.H* .

~14!

Figures 3~a! and 3~b! show a schematic drawing ofHi versus
HJ↓ for the ZFC and FC cases, respectively, using Eq.~10!.
As can be seen, whenHJ↓ decreases, the fieldHi becomes
zero atHJ↓5Hp.0 whereHp,FC>Hp,ZFC. According to
Eq. ~12!, the transport current̂J̃J↓& reaches its maximum a
Hp .

Figure 4 shows the field distributionsHJ↓ and Hi as a
function of y across the superconducting tape. Because
applied field is perpendicular to the surface of the tape,
field near the edges reaches values greater thanHm . The
values forHi can differ significantly fromHJ↓ , indicating
the importance of the grain demagnetizing effect.

FIG. 3. Schematic of the fieldHi at a grain boundary due to th
demagnetizing effect of adjacent grains as a function of the decr
ing intergranular magnetic fieldHJ↓ for ~a! ZFC condition and~b!
FC condition.Him is the maximum field at a grain boundary.
e
e

The total magnetic momentm is defined as

m5
1

2 E r3J~r !d3r . ~15!

For a superconducting tape in perpendicular fieldHa , where
Ha was set by decreasing the applied field fromHm to Ha ,
one obtains for the intergranular magnetic moment20,2

mJ↓52LdE
0

a

yJ̃J↓~y!dy. ~16!

The magnetic fieldHp , where the intergranular magnetic
momentmJ peaks, as a function of the maximum applie
field Hm , can be determined from calculations of th
magnetic-moment loopsmJ(Ha ,Hm).

Instead of doing a lengthy calculation forHp using Eqs.
~2!–~16!, one can get an approximate value forHp in the
case ofHm@Hd by using Eq.~10! with Hi50 andHJ↓5Hp
which results in

Hp.GMG@Hi50,Him~Hm!#. ~17!

BecauseMG saturates at largeHm , the peak fieldHp also
saturates and it is thus useful to compare the saturation ofHp
with the saturation of the remanent intragranular magnetiz
tion M G

R of the grains. The remanent intragranular magne
zationM G

R is defined by Eq.~10! for HJ↓50 which gives

Hi
R52GMG~Hi

R ,Him!. ~18!

Thus

s-
FIG. 4. Calculated intergranular magnetic fieldHJ↓ and mag-

netic fieldHi at grain boundaries as a function of the positiony
along the width of the superconducting core of the tape for a ma
mum field ofm0Hm50.1 T and an applied fieldm0Hm50.01 T.
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MG
R[MG~Hi

R ,Him!. ~19!

Notice that when measuring the intragranular magnetiza
no intergranular current is present andHJ↓5Ha . In the limit
of G→0, bothHp andM G

R saturate in the same fashion whic
will be illustrated later in Figs. 16 and 17.

The model described above@Eqs.~10!–~14!# is essentially
a mathematical formulation of the qualitative Evetts mode4

Our model goes beyond the Evetts model as it takes
account the effect of the magnetic field which is generated
the intergranular current. While in this work the anomalo
peak in the magnetic moment of a PBSCCO tape is inve
gated, Evetts and Glowacki4 measured the irreversible crit
cal current density as a function of the applied field using
electrical four-point-probe method. This irreversible critic
current density is given by Eq.~12! with ^JJ↓&5Jc . A model
for the irreversible critical current based on Eqs.~10! and
~12! has been reported in Ref. 7.

IV. RESULTS AND DISCUSSION

Figure 5 shows the measured ZFC total magnetic mom
m↓ of the ‘‘intact’’ tape at 5 K for a decreasing applied fiel
Ha where the maximum applied fields arem0Hm50.05, 0.1,
0.15, 0.2, 0.25, 0.35, 0.5, 0.65, and 0.725 T. The magn
momentm↑ for an increasing applied field is simply given b
m↑(Ha ,Hm)52m↓(2Ha ,Hm) and is therefore not shown
The most striking feature of Fig. 5 is the anomalous pe
positioned at a positive applied field while commonly sup
conductors show a peak in the magnetic moment at a n

FIG. 5. Measured total magnetic momentm↓ ~intact tape! under
ZFC conditions at 5 K versus the applied magnetic fieldHa for
different maximum fieldsHm . The applied field, after an initia
increase from 0 toHm , is decreased fromHm to 2Hm .
n
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tive applied field. The virgin part of the magnetic moment
not shown for clarity.

Figure 6 shows the measured ZFC intragranular magn
momentmG↓ of the ‘‘bent’’ tape for different values ofHm .
The intragranular magnetization shows, as expected, a p
at a negative applied field which shifts slightly to less neg
tive fields with increasing maximum fieldHm . The origin of
this intragranular peak is well understood in terms of a cr
cal state model in which the intragranular critical curre
density is field dependent and decreases monotonically
increasing field. Figure 6 reveals that roughly 25% of t
total magnetic moment originates from currents induced
the grains. The question that arises here is whether the
called intragranular magnetic moment is indeed only be
caused by currents flowing in grains and not by curre
flowing in larger grain clusters. To answer this question
have studied in Ref. 2 the remanent magnetic moment of
tape as a function of the degree of bending and in Ref. 13
crushed the tape and carefully scraped the core materia
of the silver cladding and measured its magnetic mome
The investigations revealed that the magnetic moment o
strongly bent tape is that of the grains and that the contri
tion from grain clusters, in which the intergranular current
flowing, is negligibly small.

Figure 7 displays the measured intergranular ZFC m
netic momentmJ↓ , obtained by subtracting from the data
Fig. 5 the data of Fig. 6 wheremJ↓5m↓2mG↓ . The anoma-
lous peak is even more pronounced than in the case of
intact tape. The inset in Fig. 7 shows more clearly the e
lution of the anomalous peak as a function of the maxim
field Hm .

The calculated intergranular ZFC magnetic momentmJ↓ ,

FIG. 6. Measured intragranular magnetic momentmG↓ ~bent
tape! under ZFC conditions at 5 K versus the applied magnetic fiel
Ha for different maximum fieldsHm . The applied field, after an
initial increase from 0 toHm , is decreased fromHm to 2Hm .
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using the model developed in this paper@Eqs. ~2!–~16!#, is
displayed in Fig. 8. The parameters used ared560 mm,
a51.1 mm, n52, m0H051 T, Jc51.23109 A m22,
m0H*50.38 T, andG50.7. The calculated momentmJ↓

FIG. 7. Measured intergranular magnetic momentmJ↓ under
ZFC conditions at 5 K versus the applied magnetic fieldHa for
different maximum fieldsHm . The applied field, after an initia
increase from 0 toHm , is decreased fromHm to 2Hm . The inset
shows the evolution of the anomalous peak for different maxim
fieldsHm .

FIG. 8. Calculated intergranular magnetic momentmJ↓ under
ZFC conditions at 5 K versus the applied magnetic fieldHa for
different maximum fieldsHm . The inset shows the evolution of th
anomalous peak for different maximum applied fieldsHm .
shows excellent resemblance with the experimental dat
Fig. 7 and the evolution of the anomalous peak for increas
Hm is well reproduced.

Figure 9 shows the measured FC total magnetic mom
m↓ of the intact tape at 5 K for a decreasing applied fieldHa

at m0Hm50.075, 0.1, 0.15, 0.2, 0.25, 0.3, 0.425, 0.575, a
0.725 T. The FC magnetic momentmJ↓ at Ha5Hm has a
value close to zero which is different to the ZFC case in F
5 as more flux penetrates the sample atHa5Hm in the FC
case than the in the ZFC one. Like under the ZFC conditi
an anomalous peak appears at a positive field.

Figure 10 shows the measured intragranular magnetic
mentmG↓ of the bent tape. Like in the ZFC case, the peak
the intragranular magnetic moment appears at negative
plied fields. There is a clear difference between the mag
tudes of the ZFC and the FC intragranular magnetic m
ments atHa5Hm . Figure 10 reveals that roughly 25% of th
total magnetic moment originates from currents induced
the grains.

Figure 11 displays the measured intergranular FC m
netic momentmJ↓ wheremJ↓5m↓2mG↓ . The inset shows
the anomalous peak for differentHm in greater detail.

Figure 12 shows the calculated intergranular FC magn
momentmJ↓ using the model developed in this paper@Eqs.
~2!–~16!#. The parameters used are the ones used to calcu
the ZFC intergranular magnetic moment in Fig. 8. There i
strong resemblance to the experimental data of Fig. 11 a
as indicated in the inset, the evolution of the anomalous p
for increasingHm is reasonably well reproduced.

Figure 13 compares the measuredHp(Hm) data with the
measured intragranular remanent magnetic mom
mG

R(Hm)5mG↓(Ha50,Hm) for the ZFC case, respectively
The remanent intragranular magnetic momentmG

R saturates
before saturation ofHp occurs and both curves are shifte
with respect to theHm axis by about 0.1 T.

FIG. 9. Measured total magnetic momentm↓ ~intact tape! under
FC conditions at 5 K versus the applied magnetic fieldHa for
different maximum fieldsHm . The applied field is decreased from
Hm to 2Hm .



n

-
ula-
e

d
d

a

e

ent
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Figure 14 shows the calculated values ofHp and mG
R

versusHm which agrees reasonably well with the experime
tal data of Fig. 13. The anomalous peak fieldHp was calcu-
lated by using Eqs.~2!–~16! andHp was determined numeri
cally by calculating wheremJ↓ peaks. To calculatemG

R Eqs.

FIG. 10. Measured intragranular magnetic momentmG↓ ~bent
tape! under FC conditions at 5 K versus the applied magnetic fiel
Ha for different maximum fieldsHm . The applied field is decrease
from Hm to 2Hm .

FIG. 11. Measured intergranular magnetic momentmJ↓ under
FC conditions at 5 K versus the applied magnetic fieldHa for
different maximum fieldsHm . The applied field is decreased from
Hm to 2Hm . The inset shows the evolution of the anomalous pe
for different maximum applied fieldsHm .
-
~18! and ~19! with G50.7 were used, wheremG

R

52adLMG
R.

Figures 15 and 16 display experimental data and calc
tions of Hp andmG

R versusHm in the FC case. As can b
seen, in the FC case,Hp saturates at aboutm0Hm50.4 T,

k

FIG. 12. Calculated intergranular magnetic momentmJ↓ under
FC conditions at 5 K versus the applied magnetic fieldHa for
different maximum fieldsHm . The inset shows the evolution of th
anomalous peak for different maximum applied fieldsHm .

FIG. 13. Measured intragranular remanent magnetic mom
mG

R and the measured anomalous peak fieldHp at 5 K under ZFC
conditions as a function of the maximum applied fieldHm .
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while in the ZFC case~Fig. 13!, Hp saturates at abou
m0Hm50.6 T.

Figures 17 and 18 show the calculated ZFC and FC r
anent magnetizationM G

R(Hm) as defined by Eqs.~18! and
~19! and the peak fieldHp(Hm) approximated by Eq.~17! for
G51/3 andG51. The difference in the saturation ofM G

R ~or

FIG. 14. Calculated intergranular remanent magnetic mom
mG

R and the calculated anomalous peak fieldHp at 5 K under ZFC
conditions as a function of the maximum applied fieldHm .

FIG. 15. Measured intragranular remanent magnetic mom
mG

R and the measured anomalous peak fieldHp at 5 K under FC
conditions as a function of the maximum applied fieldHm .
-

mG
R! andHp is caused by the demagnetizing effect of t

grains. In the limitG→0 bothmG
R andHp saturate in the

same fashion. Thus, the relative displacement of the cu
for mG

R(Hm) andHp(Hm) is a direct measure of the averag
demagnetizing factorG. Here,Hp50 at Hm50 which is
different than the full calculations presented in Figs. 14 a
16, indicating that Eq.~17! can only be used whenHm@Hd .

We also have measuredHp andmG
R for m0Hm55 T and

found thatHp~5 T!5Hp~0.8 T! andmG
R~5 T!5mG

R~0.8 T! as
expected. It is certainly of interest to investigate the dep

nt

nt

FIG. 16. Calculated intergranular remanent magnetic mom
mG

R and the measured anomalous peak fieldHp at 5 K under FC
conditions as a function of the maximum applied fieldHm .

FIG. 17. Calculated values ofHp/(GH* ) andM G
R/H* versus

Hm/H* for two different demagnetizing factorsG under ZFC con-
ditions using Eqs.~17!–~19!.
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dence ofHp andmG
R on grain size which has not been do

in this paper.
The model, which is described in this paper, reveals t

the demagnetizing effect of grains can be used to explain
anomalous peak in the intergranular magnetic momen
PBCCO tapes, caused by the irreversible behavior of
transport current. Besides the grain demagnetization, t
seems to be another possible source for the irreversibilit
the transport current as discussed by D’yachenko9 and oth-
ers. They studied the Josephson current behavior betw
two superconducting semi-infinite slabs which are in
mixed state with vortex pinning, where the applied field
parallel to the slabs. In the D’yachenko model the Joseph
critical current density is

Jc
Jos;Usin~pF/F0!

pF/F0
U, ~20!

whereF0 is the flux quantum and

F.4m0RGl2Js . ~21!

HereJs is the current density at the surface of a grain at
grain boundary andl is the London penetration depth of th
grains, ignoring the anisotropy ofl(lcÞlab). If RG@l and
if the fieldHa , which threads the junction, is large compar
to RGJcG , one finds

Js.JM6JcG , ~22!

whereJM is the Meissner shielding current density. The e
act expression forF andJs as a function ofHa andHm are
given in the Appendix. The6 signs in Eq.~22! are for an
increasing and decreasing applied field, respectively,
cause the transport current to become irreversible.

In order to find out if the D’yachenko approach can a
count for our experimental data we have calculated the p
field Hp for both ZFC and FC conditions from
F(Hp ,Hm)50 whereF(Hp ,Hm) is given in the Appendix.

Figure 19 shows for the ZFC case the normalized p

FIG. 18. Calculated values ofHp/(GH* ) andM G
R/H* versus

Hm/H* for two different demagnetizing factorsG under FC condi-
tions using Eqs.~17!–~19!.
t
he
of
e
re
of

en
e

on

e

-

d

-
ak

k

fieldHp/H* and the normalized remanent intragranular ma
netizationM G

R/H* as a function of the normalized maximum
field Hm/H* where H*5JcGRG . Similar results are ob-
tained for the FC case. For the average grain size along
a-b direction of Bi-2223 grains a value of 2RG512mm was
assumed andl5lab50.2 mm ~Refs. 29 and 30! and
m0Hc1G50.015 T. According to Fig. 19, independent ofH* ,
the D’yachenko model predictsHp(Hm→`)!M G

R(Hm→`)
which is contradictory to the experimental data whe
Hp(Hm→`).M G

R(Hm→`). Figure 19 also demonstrate
that the D’yachenko model predicts thatHp(Hm) saturates at
a lowerHm than the intragranular magnetizationM G

R which
is due to the fact that in the D’yachenko model the Joseph
current is only influenced by vortices which are aboutl
away from the grain boundary and vortices located inside
grains do not affect the Josephson current. The experime
data in Figs. 13 and 15 show thatM R

G saturates at a lowe
maximum fieldHm than the peak fieldHp which is in con-
tradiction with the D’yachenko model. Because of these d
crepancies, we believe that the origin of the anomalous p
is less due to an irreversible surface current densityJs but
instead mainly due to the demagnetizing effect of the gra
Despite this, the D’yachenko model seems be suitable
account for the sudden rise ofJcJ often observed in transpor
current measurements when decreasing the applied
slightly from its maximum value.9

V. CONCLUSIONS

We have measured the magnetic moments of a h
quality PBSCCO tape in perpendicular fields up to 1 T at 5 K
using a SQUID magnetometer. Subtracting from the to
magnetic moment of the intact tape the intragranular m
netic moment of the bent tape, the intergranular magn
moment, which originates from an induced intergranu

FIG. 19. Calculated normalized anomalous peak fieldHp/H* in
the D’yachenko model and the calculated normalized reman
magnetizationM G

R/H* versus the normalized maximum applie
field Hm/H* under ZFC conditions.
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55 639IRREVERSIBLE CRITICAL CURRENT AND THE . . .
~transport! current flowing over the entire tape, is obtaine
The intergranular magnetic moment shows an anoma
peak in decreasing applied field at a positive fieldHp . The
anomalous peak reflects the irreversible behavior of
transport critical current density. We have modeled the in
granular magnetic moment as a function of the applied fi
at different maximum fieldsHm by using a critical-state
model for a thin superconducting strip in a perpendicu
field. The model was extended to include the field dep
dence of the intergranular current in first order and the
portant demagnetizing effect of the grains, which modifi
the field at grain-boundary Josephson junctions, was ta
into account. Both ZFC and FC cases were studied. Bec
the intergranular critical current density depends on the fi
at the grain boundaries, the irreversibility of the grain ma
netization causes the transport critical current density to
come irreversible. The model presented in this paper is
excellent agreement with the measured intergranular m
netic moment versus decreasing applied field for differ
maximum applied fieldsHm for both ZFC and FC cases. Th
shift of the anomalous peak fieldHp with increasingHm is
correctly predicted by the model. The fact thatHp and the
remanent magnetic momentmG

R of the grains do not saturat
at identical fieldsHm can be well understood in terms of th
demagnetizing effect of grains. The relative displacemen
theHp(Hm) andmR

G(Hm) curves give a measure of the d
magnetizing factorG of the grain network whereG50.7 was
found for the PBSCCO tape investigated. The maxim
peak shift isHp

max5GMG
R(Hm→`) and therefore how pro

nounced the anomalous peak appears in the intergran
magnetic moment depends on the grain network morphol
~G!, the grain size (2RG), and the flux pinning in grains
(JcG). It also depends on the field dependence of the in
granular current densitŷJ̃J↓&. If Hp

max is small and^J̃J↓&
does not drop significantly in an applied field of sizeHp

max,
the anomalous peak is difficult to detect. In high-qual
PBSCCO tapes the intergranular magnetic moment is la
than the intragranular one and the anomalous peak is alr
clearly visible in the total magnetic moment of the inta
tape. We also have shown that the D’ychenko model is
likely to account quantitatively for the behavior of th
anomalous peak of the intergranular magnetic momen
PBSCCO tapes.
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APPENDIX

In order to evaluate the maximum Josephson curr
across a grain boundary in dependence on the flux trap
inside the two adjacent grains, the second Ginzburg-Lan
equation25 is used

¹Qk5
2p

F0
~2m0l

2Jk1A!, ~A1!
.
us

e
r-
d

r
-
-
s
en
se
ld
-
e-
in
g-
t

f

lar
y

r-

er
dy
t
-

in

l
nt
h-

nt
ed
au

wherek51,2 denotes the superconductors forming the ju
tion, Qk is the phase of the order parameter in supercond
tor k, F0 is the flux quantum,Jk is the current density inside
the superconductork, l is the penetration depth~ignoring the
anisotropy,lcÞlab!, andA is the vector potential. Integrat
ing both sides of Eq.~A1! along the path shown in Fig. 20
one obtains the relation31,32

dw

dy
5
4pm0

F0
@~j1t/2!Ha1l2Js#, ~A2!

where w5Q12Q222p* 1
2dzAz/F0 is the gauge-invarian

phase difference,Ha is the field inside the junction pointing
in the x direction,j is the coherence length~j!l!, t is the
spacing between the superconductors, andJs is the current
density at the surface which in superconductor 2 is posi
when pointing into they direction.

The current density,Js , at the surface is given by

Js5
1

m0

]B

]zU
z5j1t/2>0

. ~A3!

Representing the grains by two slabs of thickness 2RG , the
magnetic inductionB, pointing in thex direction inside the
superconductors, can be determined using the inhomo
neous London equation

B~z!2l2
]2B~z!

]z2
5F0n~z!. ~A4!

Heren(z) is the flux density distribution of Abrikosov~pan-
cake! vortices where the flux lines point in thex direction.
The boundary conditions areB(RG)5B(2RG)5m0Ha ,
where we assumeHc1G50. The solution of Eq.~A4! is

B~z!5Fm0Ha2
F0

l E
0

RG
dh n~h!sinhS h2RG

l D G
3

cosh~z/l!

cosh~RG /l!
1

F0

l E
0

z

dh n~h!sinhS h2z

l D .
~A5!

FIG. 20. The integration path across a grain boundary and
allel to the grain surface where the grains are represented by s
of thickness 2Rg .
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With Eq. ~A3! one obtains forJs , using Eq.~A5!

Js5FHa

l
2

F0

l2m0
E
0

RG
dh n~h!sinhS h2RG

l D G tanhSRG

l D
2

F0

l2m0
E
0

RG
dh n~h!coshS h2RG

l D . ~A6!

The Abrikosov vortex distribution,n(z), inside the super-
conducting grains depends on the intragranular critical c
rent density,JcG . It is assumed thatJcG is independent of the
local magnetic inductionB ~Bean model!. The Abrikosov
flux density, when unequal to zero, has the form26,27

n~z!5n~0!6
m0

F0
JcGz. ~A7!

In the followingBa andBm are the inductances at the surfa
inside the superconductor whereBa5m0(Ha1Meq! andMeq
is the equilibrium magnetization. For simplicity we us
Meq52Ha for 0<Ha<Hc1G and Meq52Hc1G for
Ha.Hc1G where Hc1G is the lower critical field of the
grains.

Under ZFC conditions one obtains~i! if Bm<B*
5m0JcGRG ,

Js
JcG

5FHa2Ba /m0

JcGl
22 sinhSRG

l

Bm2Ba

2B* D1sinhSRG

l

Bm

B* D G
3tanhSRG

l D2112 coshSRG

l

Bm2Ba

2B* D
2coshSRG

l

Bm

B* D , ~A8!

~ii ! if Bm.B* andBm22B*<Ba<Bm ,

Js
JcG

5FHa2Ba /m0

JcGl
22 sinhSRG

l

Bm2Ba

2B* D1sinhSRG

l D G
3tanhSRG

l D2112 coshSRG

l

Bm2Ba

2B* D2coshSRG

l D ,
~A9!

and ~iii ! if Bm.B* and2Bm<Ba<Bm22B* ,

Js
JcG

5
Ha2Ba /m0

JcGl
tanhSRG

l D211
1

cosh~RG /l!
.

~A10!
r,

.

v,
r-

It is interesting to note thatJs in Eq. ~A10! is independent of
Bm and that one obtains from Eq.~A10! for Ba50 and
RG@l the resultHp5(l/RG)H* .

Under FC conditions one obtains~i! if Bm<B* /2,

Js
JcG

5FHa2Ba /m0

JcGl
1

Bm

m0JcGl
coshSRG

l D
2sinhSRG

l

Bm2Ba

B* D G tanhSRG

l D21

2
Bm

m0JcGl
sinhSRG

l D1coshSRG

l

Bm2Ba

B* D
~A11!

~ii ! if Bm.B* /2 and Bm2B*<Ba<Bm one obtains Eq.
~A11! and if 2Bm<Ba,Bm2B* one obtains Eq.~A10! as
the magnetic field profiles for ZFC and FC become identic

BecauseJs is independent ofy in the slab approximation
one obtains from Eq.~A2!

w~y!5
4pm0

F0
@~j1t/2!Ha1l2Js#y1w0 . ~A12!

The critical Josephson current density,Jc
Jos, is given by de-

termining the constantw0 which maximizes the current den
sity, JGB, across a grain-boundary junction of width 2RG
where

JGB5
J0
2RG

E
2RG

RG
sin$4pm0@~j1t/2!Ha1l2Js#y/F0

1w0%dy. ~A13!

J0 is the Josephson current density if no flux is trapped
side grains and no field is applied. One finds

Jc
Jos5J0Usin~pF/F0!

pF/F0
U, ~A14!

where

F~Ha ,Hm!54m0RG@~j1t/2!Ha1l2Js~Ha ,Hm!#.
~A15!

According to Eq.~A14!, the critical Josephson current de
sity Jc

Jos peaks at a fieldHp for which

F~Hp ,Hm!50. ~A16!

Because l@j1t/2, one can obtainHp also from
Js(Hp ,Hm)50.
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