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Flux-line cutting in granular high-temperature superconductors
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The magnetic response of granular high-temperature superconducting plates subjected to a dc-bias magnetic
field and an increasing field perpendicular to it is studied both experimentally and theoretically. The theoretical
model is based upon the double critical-state model, which considers not only flux transport but also flux-line
cutting effects. Curves of magnetization for the system of grains decoupled by the applied magnetic field in
sintered slabs of YB&£u;0;_, and NdBaCu;,0,_, are analyzed. Good agreement between experimental
results and theory is obtainef50163-1827)03730-2

[. INTRODUCTION temperature superconductors is presented in Sec. lll. Theo-
retical and experimental results are compared in Sec. 1V, and
At present there is great interest in studying the electroour conclusions are presented in Sec. V.
magnetic properties of the high-temperature supercon-
ductors'? These materials behave as irreversible type-Il su-

perconductors, and therefore many of their electromagnetic Il. EXPERIMENT
properties have been explained using approachebased i
upon the Bean critical-state modé|However, when high- Sintered  slabs of YB&uO; , (YBCO) and

temperature superconductors are subjected to magnetic fiel{§!Ba&CusO7_x (NdBCO) of thicknessx=0.16 cm, width
that change not only in magnitude but also in directidd ~ y=1.2 cm, and lengtlz=2.8 cm (0.22, 1.2, and 2.4 ¢cin
their electromagnetic response cannot be completely dgespectively, were prepared by Moreau at the Institut de Ge
scribed by the usual critical-state model. This is because urnie des Matgaux, Boucherville, Quebec, using standard pre-
der those conditions, besides flux transport, the phenomendaeriptions for preparing these high- compounds starting
of flux-line cutting®*occurs. To take into account flux-line with the oxide constituents.

cutting effects, it is necessary to employ a more general ap- Data on the flux expulsion upon field cooling frof to
proach, such as the double critical-state mG8el> This 77 K in various static fields and the “standard” magnetiza-
model makes use of two phenomenological parametersion curves along the length and width of these specimens
namely, the transverse critical current densif,() at the  have been reported by Gandolfetial }* and aspects on their
threshold of depinning and the longitudinal critical currentcajipration discussed by LeBlari®.Further details can be
density J) at the threshold of flux-line cutting. These pa- found in the M.Sc. thesis of G. GandolfffiThese measure-
rameters depend on the material, temperature, and magnefitanis indicate that the full intergraiintragrain penetration

field. The double critical-state model has permitted the eX3o|qs are~0.5 and 2 mT(12.8 and 14.5 mJifor the YBCO
planation of many intriguing experimental results in classical, | NdBCO. - . tivel ' d th - .
superconductor®2° This model also has been applied to an specimens, respectively, and the grains are €

ranular highT . superconductors to analyze flux-line cuttin fectively decoupled in fields greater than 5 mT.
gffects oc%:ur?ingp N the weak-link yregime of thesg A pickup coil embraces the specimen along its length and

materialst4 another along its width. Each pickup coil is series opposition
In the bresent work we shall study the occurrence of ﬂux_connected to balancing coils that do not see the specimen but
line cutting in the magnetic response of granular high_sense the corresponding applied magnetic field component of

temperature superconductors with sufficiently strong appliedta+ Each set of orthogonal pickup coils feeds an electronic
magnetic fields, so that deep penetration of magnetic flufntegrator/amplifier which drives thg axis of anXV,Y

into the decoupled grains occurs. As was shown in Ref. 13ecorder. Thex axis of the recorder is driven by a signal

in this situation flux-line cutting takes place inside the grainsProportional to the component of the applied magnetic field
and affects the static magnetization curves. Here, we shalfl, which is undergoing variation. A single layer of nonin-
present experimental results and apply the double criticalductively (i.e., bifilarly) wound manganin wire heater inti-
state model to explain them. In Sec. Il we describe the exmately embraces the specimen. The measurements reported
periment. The theoretical model for studying the behavior ofin this paper begin with the specimen in the normal state in
the electromagnetic fields inside the grains of high-the selected field and terminate with the specimen again
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FIG. 2. (a) Response of the NdB&u;O; _, specimen at 77 K to

FIG. 1. (a) Evolution of the average magnetization of the grains a first application and removal éf, perpendicular to the static bias
(Mg, of the YBaCuwO,_, sample at 77 K while the component field xoHo=10 mT. This figure illustrates the effect of increasing
H, of the applied magnetic field is impressed and cycled in thethe amplitudeH, on the locus oM ;) vs Hy. (b) Theoretical
presence of the stationary bias figf}. Here ugHy=10 mT. (b) curve (see text
Theoretical curvdsee text

The behavior of the observed hysteresis loops in the magne-
driven to the normal state in the initial chosen field. Datatization curves can be interpreted within the framework of
curves that significantly fail to close because of electroniahe theoretical model constructed in the following section.
drift or drift in the static component of the initial field are
rejected.

The longitudinal(z axis) magnetic field is generated by a
16-gauge copper wire solenoid of 18 cm length, 3.7 cmi.d., Let us consider an infinite granular high-superconduct-
and 8.5 cm o.d. providing 20 mT/A. This solenoid is firmly ing plate with its surfaces at planges-0 andx=d. As in the
secured inside an aluminum frame with a deep rectangulaxperiment, the plate is assumed to be cooled through tem-
groove in which a 16-gauge copper wire coil is wound andperatureT. in the presence of an external magnetic field
provides the transvergy axis) magnetic field of 3.7 mT/A. H, parallel to thez axis. Afterward, a magnetic field in the
Transistorized battery-driven, hence ripple free, powery direction (Hy) is applied with slowly increasing magni-
sources supply the desired currents. The magnet coils artdde. We shall study the case when the magnitude of the total
sample assembly are immersed in an open bath of liquifield, H, [H,=(0H,,Ho)], is large enough to suppress the
nitrogen. intergranular supercurrents such that the grains inside the

Employing this experimental setup, we measured thelate are decoupled. In our model we regard a superconduct-
magnetic moment of the decoupled grains of YBCO andng plate formed by identical isotropic grains, having the
NdBCO in the presence of the bias figt}) parallel to the shape of an infinite slab with thickneas(the characteristic
z axis upon slowly sweeping the perpendiculg) compo- size of the grains It is noteworthy that the slab model for
nent of the total applied fieltH,=(0,H, ,Hy). The experi- grains, in spite of its simplicity, has been successfully em-
mental results are shown in Figsial, 2(a), 3(a), and 4a). ployed in several workésee, for instance, Refs. 4, 32, and 9

Ill. THEORY
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FIG. 4. (a) lllustration of the effect of the static bias field,
orthogonal to the varying magnetic fiett}, on the average magne-
tization (Mg ,) for the YBgCu0;_, sample. The static bias field
moHp=0, 10, and 20 mT as indicate¢b) Theoretical curves for
moHo=10 and 15 mT(see text

FIG. 3. (a) lllustration of the effect of different amplitudes of
half cycles ofH, on the periodic response ¢Mg ,) in the static
bias field uoHo=10 mT for the NdBaCu;O;_, specimen at 77 K.
(b) Theoretical curvegsee text

for studying electromagnetic properties of highsupercon-

ductors. In the space between the decoupled grains the mag- B(X)=a(X)Xx=y cosx(X)—Z sina(X). ®)
netic induction obey8B= u,H,, whereas in the grainB ) _
= uoH and depends only on the coordinate. It is conve- According to the assumed geometry, Maxwell’s equations
nient to expres8(x) in the form can be written &S
B(x)=B(X)a(x), 1 JB
(X)=B(x)&(x) (1) B__ ©
whereB(x)=|B(x)| and 2
a(X)=y sina(x)+Zz cosx(X). 2 da
; ; ; B ——=wuoJy, (7)
Here a(x) is the angle oB(x) with respect to the axis. IX
The intragranular current densitlyand the electric fielde
can be expressed in terms of their components parallel and da JE; da
perpendicular td: E, X ox B ot ®
J=J,a+J,B, 3

JE, da  IB

. e (9)
E=Ea+E, B, (4) ax " ax ot

where Here the displacement current is neglected.
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where E, (=J,)=—~E,(J,), E(=J)=-E(@J), p. and
p, are effective flux-flow and flux-line-cutting resistivities of
the grains, andl., and J., are magnitudes of the critical
current densities parallel and perpendiculaBto

In the experimentSec. I) the magnitude of the applied
magnetic field has values larger than the first critical field of
the grainsH; 4, which is of the order of a few mT for
toHet g YBa,Cu;0;_, and NdBaCu;0,_,, i.e.,

Ha>Heig- (12

In this case the boundary conditions for the system of equa-
HOHC1 g IJOH tions (6)—(11) are given by the magnitude of the equilibrium
' magnetic induction at grain surfaces

FIG. 5. Sketch of the model equilibriuBy, vs H behavior used
here. B(Xi) =B(Xj+a)=BeqHa), (13

wherex; andx; +a denote the positions of the surfaces of the

We shall apply the constitutive relation between the elec;i, siablike grain. The functioB,(H) in Eq. (13) can be
tric field E and the current density given by the double approximated by using the form%aiga”

critical state modef!~2°
Beq= moH — 1::"LOHcl,g . (14
(10 Here the parameter (0<f<1) is a constant factor to ap-

proximate the sharp rise of the equilibrium magnetic induc-
tion Beg nearHg, 4 (see Fig. % In addition, the boundary

[pL[‘]L_‘]CL(B)]i J>Jei,
EJ__

O, OgJichl,

and conditions for the anglex of the magnetic induction are
J—3a(B)], 3>dg, H
- pild—Jda(B)],  3)>Jg 1) tana(xi)=tana(xi+a)=H—y. (15
0, Og\]ug\]cu , 0
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FIG. 6. Families of(a) B, (b) «, (c) B,, and(d) B, profiles for the first half cycle oH, as discussed in Sec. IV.
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FIG. 7. Families of(a) J;, (b) J, , (c) E;, and(d) E, profiles for the first half cycle oH, as discussed in Sec. IV.
When the inequality Eq12) holds, the process of field cool- IV. RESULTS AND DISCUSSION
ing in a high-temperature superconductor is characterized by
a fractional Meissner effeéf, and, because of pinning forces
acting on vortices, some portion of the magnetic flux inside

the grains is trapped. Another factor that also affects th , i !
magnetic-flux expulsion is the rate of coolifyespecially N the calculation of the curves, first we determined the pro-

when the strength of pinning is stroff).These factors file B(x) after field cooling(curve 0 in Fig. 6 by applying
should be taken into account in determining the spatial disthe critical state model and using a value for the critical
tribution of the magnetic induction after field cooling. Here, current density., (T) equal to that at the final temperature
for simplicity, we assume that this distribution is the sameT<T.. This approximation turns out to be good even if the
inside all the grains. Hence, the average magnetization of theinning is quite strong, i.e.J., a>H,.3* The parameters
superconducting plate used area=9um, J,, =1.8x10° A/m? and Jy=1.4

x 10° A/m?, that is, the critical-current densities are as-
sumed to be independent d@. Finally, the parameter
fuoHc1g in EQ. (14) is found from the experimental mea-
surement foruo(Mg ) after field cooling(at Hy=0). Here,
we chose uo(Mg,)=—2.5mT, as in the case of the
NdBaCu;0O;_, sample, which has a magnetization slightly
lower than the corresponding value= (2.3 mT) for the
magnetizationMg ,) of the YBaCu;O;_, specimen.

The evolution ok M ;) for Hy=10 mT, as they compo-
nent of the external field is increased, is observed in Fig. 1. A
(M) =f (M) (18) characteristic feature of the manifestation of flux-line cutting

Py Vel is the initial decrease of the magnetizatigvl 4 ,(H,)). For
where f, is the fraction of the volume occupied by the sufficiently large values off,, thez component of the mag-
grains. The experimental results shown in Sec. Il correspondetization first reaches a minimum and later incredsas/e
to the magnetization of the decoupled grains because of the—Q in Fig. 1). The return ofH, to 0 produces again a
calibration used. Therefore we shall calculate directly thedecrease in the magnetizati¢curve Q— R). The value of
magnetization of a single graifM ) (17) with x;=0. (Mg ,) at pointR turns out to be lower than at the initial

Figures 1b), 2(b), 3(b), and 4b) show theoretical graphs
for the average magnetization of the decoupled grains in
& Ba,Cus0;7_, and NdBaCuzO;_, superconducting plates.

M=o [(Boodx-r,, e
is related to the average magnetization of a grain,
1 xj+a
M= f B(x)dx—Hy an

by the expression
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FIG. 8. Families of(a) B, (b) «, (c) B,, and(d) B, profiles for the second half cycle &f, as discussed in Sec. IV.

point P (see Fig. 1 In a second cycle oH, (curves occurs, being obstructed by pinning forces. As a conse-
R—Q andQ—R), a hysteresis loop in the magnetization is quence, the magnetic inductidB(x) increases near grain
generated. boundariegsee curves 1-7 in Fig(&], but decreases inside
Curves of the magnetization parallel ky, for different  the grains because of flux-line cutting. Thus, two V-shaped
initial (P—Q—R) and secondaryR—Q—R) cycles are  minima in B(x) appear ak, anda—x, . As is seen in Fig.
presented in Figs. 2 and 3, respectively. The theoreticaj(p), in the region between these minima and the boundaries
curves agree qualitatively with the experimental ones. Notghe current density,, (x) changed its initial sign. The new
that the best agreement between theory and experiment ignse of the current corresponds to the sign of the induced
observed in the range of large valuesHf. _ electric fieldE, [Fig. 7(d)]. Because of the change in direc-
They component (,)f Fhe magnet|_zat|((aee Fig. 4as a tion of the external magnetic field,, the angle distribution
function ofH, has a similar form as in the casi=0. The a(x) also is alteredlFig. 6(b)]. For relatively small values of

effect of flux line cutting can be best observed by comparin . )
curves for different applied fieldd,. As is seen, the evolu- q[-b,(g:)u_rv:(sa;] i;h(azgl%glzc: dpe(;:ﬁsfe(i ff)r(n 227;)”1%%\/;'%
- c\ My c

tion of the magnetizatiofM,,(Hy)) with increasingH, . o

; ; ' : . —X¢. This monotonic inward decrease @fx) depends on
Fig. 4a)] is reproduced by our theoretical resulEsg. 4(b)]. Xe
[Fig. 4@} P y u 4b)] both the parallel critical-current densigl,, and the magni-

In Figs. 6 and 7 we present the evolution of the fields e )
B(X), a(X), Bx(X), By(X), 3,(x), 3, (x), E;, andE, (x) in tude of the magnetic inductioB [see Eq(7)]. In the zones

a slablike grain as the external magnetic fielglis increased 0<X<Xc anda—xg<x<a, both perpendicular and parallel

(P—Q). These graphs were calculated with the same pacomponents of the electric fielH are different from zero

rameters as in Figs.() and Zb). The spatial distribution of [Figs. 7c) and 4d)]. These zones are calleZiT zones be-

the magnetic induction after field cooling is given by curvescause flux-line cutting and transport océtf® As is seen in

labeled with 0. This initial distribution is typical for the case Fig. 6, in the subintervals €x<x, and a—x,<x<a of

of strong pinning when a large portion of the magnetic flux istheseCT zones the transport is toward the interior of the

trapped inside the superconducting grathhe slopes of grains, whereas in the subintervats<x<x. and a—x,

B(x) and B,(x) near grain boundaries are given by the <x<a-—x, the transport is from the center of the grain out-

critical-current densityd,, [dB(X)/dx==*uyl., ]. The ini-  wards. The change of sign of the electric fi#ld [Fig. 7(d)]

tial distribution of current density is presented in Figb)7 is connected to the change of sense of the transport. In the

curve 0. zZonesx,<x<Xq anda—Xg<x<a—X. [Figs. 7c) and 7d),
When they component of the magnetic field is switched curves 4 it turns out thatE;=0 andE, #0. These zones are

on, the penetration of additional magnetic flux into the grainsT zones because only transport occurs. The unaltered zone of
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FIG. 9. Families of(a) J;, (b) J, , (c) E;, and(d) E, profiles for the second half cycle ¢f, as discussed in Sec. IV.

curve 4,xo<x<a—X, is named the 0 zone. Moreover, the whose magnitude increases as the magnetic figlds ap-
resulting profiles oB(x) also posses€ zones, where only plied (curvesP—Q in Fig. 4).

flux-line cutting occur§E, =0 andE;#0) and the deriva- Now, let us analyze the behavior of the fields inside the
tive |9B/9x| and perpendicular current densidy | are equal  grains in the second half of the initial cycle Bf, (curves

to or smaller than their corresponding critical valyjsee Q—Rin Figs. 1 and 2 In Figs. 8 and 9 we show families of
curves 6 in Figs. (@), 7(b), 7(c), and 1d), where theC zone  theoretical curves foB(x), a(x), B,(X), By(x), J;(X),
straddles the middle of the grdirif Hy is sufficiently large, J, (x), E;, andE, (x). The initial profile of the magnetic
the direction of the magnetic induction is modified in the induction is labeled as curve 7 in Fig. 8 and corresponds to
entire grain; i.e.x.=a/2 [Fig. 6b), curves 6,7. In this case, the spatial distribution oB(x) at the maximum chosen value
C andCT zones occur, but the 0 anidzones disappear.  of H,. With diminution of the applied magnetic field,,

The componentsB,=B cosx [Fig. 6c)] and B,  magnetic flux is expelled from the grains. Because of pin-
=B sina [Fig. 6(d)] also have a complex behavior Hg is  ning, the magnetic inductioB(x) is reduced only near the
varied. The incrementA(Bz at the grain surfaces is interest- surface, i.e., in the intervals<Ox<x, anda—x,<x<a [see
ing since the fieldHllZ is fixed. This increment is deter- curves 8—14 in Fig. @]. The derivativedB/dx and the
mined by the functiorB¢(H). So, according to our model current densityd, [Fig. Ab)] in these intervals take their
[Eq. (14)], critical values. In addition, the angte(x) is reduced in the
altered zones, and break points appear in its profile at points
Xa(Xa<Xp) anda—x, [Fig. 8b)]. The regions 8x<x, and
a—x,<x<a areCT zones sinc&, #0 andE;#0 (Fig. 9.
From this expression we see that the term with the parametéirom Figs. 8b) and 9a) we see that in the zones,<x
f increases withw(0). In spite of this, the decrease Bfand  <x, anda— x,<x<a—X, the profilesa(x) are subcritical;

B, in the inner zone¢CT andT) dominates the magnetiza- i.e., the magnitude of the corresponding parallel current den-
tion. For this reason, the average magnetizat{dfy ;) sity [Eq. (7)] is smaller thanJ,,. These zones are of type
=(B,)/no—Hg decreases withl, (curvesP—Q in Figs. 1 T (Refs. 21, 23 because transport occurs but flux-line cut-
and 2. On the other hand, as is seen in Figd)éwith in- ting does not(E, #0, E;~0, see Figs. @) and 9d)]. Fi-
creasing the external magnetic fi¢tg , they component of nally, the regionx,<x<a-—Xx, is unaltered(0 zone, but

the magnetic induction increases at the grain surfaces but igere the behavior of the magnetic induction is the same as in
smaller inside the grains. This behavior Bf(x) leads to a the beginning of the second half of the initibd, cycle
negative average magnetizatiogMg,)=(By)/uo—H, (P—Q—R).

B,(0)= BeqCOSa(O) = poHo— f:’-l*OH(:l,gcosa(O)- (19
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The components of the magnetic inductiBp(x) [Fig. =(0H,,Ho) by sweeping one of the componertis . Be-
8(c)] andBy(x) [Fig. 8(d)] show a considerable decrease incause of the relatively large magnitude of the applied field,
the second half of the initial cycle df,. Nevertheless, the the grains are electrically decoupled. As is shown, under
average magnetizatio(My,(H,)) decreases, whereas these conditions the phenomenon of flux-line cutting occurs
(Mgy(H,)) increases from the poir@ to the pointR [see inside the grains of a granular high-temperature supercon-
Figs. 1b), 2(b), 4(b)]. ductor and produces characteristic hysteresis loops in the

The behavior of the fields in the secondary cycles ofmagnetization curves. Using the double critical-state model,

Hy, R—Q—R, is similar to the cycl®®— Q—R. However,

we could reproduce the main features of the experimental

now the initial profile ofB(x) for the secondary cycles is curves. The model also permits a detailed examination of the

given by the curves 14 of Fig. 8. In the cycl@s-Q—R, as
was noted above, the increase ld8f(R—Q) leads to an
increase of the average magnetization parallél §o since in

behavior of the magnetic induction inside the grains and the
identification of the zones where flux transport and/or flux-
line cutting occur.

this situation the transport of magnetic flux into the grains

turns out to be dominant. Finally, we should note that in

some cycles the maximum value bff, is quite large(see
Figs. 3 and 4 In such a case all the migrating pointg,
Xes X,s Xp, andx, can reach the middle of the grair,
=al2.

V. CONCLUSIONS
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