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This paper describes a study of pinning forces in Ag/Bi-based wires and small coils. The goal of this analysis
is to characterize and to compare the main pinning mechanisms in (@hest samplesand prototype
practical devices, e.g., coilfong samples The effects of thermal activation were found to hinder the straight-
forward determination of the pinning parameters from the critical current data. However, we succeeded in
extracting these parameters from the irreversibility line. The scaling law for the pinning force employing the
irreversibility field in virtue of the scale for magnetic fields was derived theoretically. The best fit to the
experimentally determined pinning forces gave the flux-creep model corresponding to the power-law current—
voltage dependencixE". [S0163-18206)01141-]

I. INTRODUCTION Nevertheless, this kind of analysis is strongly affected by
thermally activated flux creep, which modifies BE4). In

The objective of this work was to examine the current-order to overcome this problem, we develop a simple model
carrying properties of some prototype superconducting dethat includes flux creep, leading to a modified equation for
vices and to characterize their vortex pinning properties vidhe volume pinning force, which follows a scaling law as
transport measurement of the critical current density and théunction of B/B,, .
irreversibility line (IL) B;,=B;,(T;,). This analysis is per-
formed mostly in terms of the bulk pinning force density, II. CLASSICAL PINNING THEORIES
F,=J.(B,T)XB whereB is the applied field and, is the . . _ .
critical current densities. It is generally accepted that the pin- Fietz and Webbintroduced the idea of a factorized ex-
ning force for conventional, hard type-Il superconductots pression for the pinning force, with a form such as that in Eq.

can be well represented by the following factorized expres{l). Further work by Campbell and Eveltsand by
sion: Dew-Hughe$ has shown that functions of the form of Eq.

(1) can explain a variety of experimental results. The mac-
F,=ABLbY(1-b)?, (1) roscopic pinning force can be considered as the result of the
combined action of a large number of individual interactions,
core or magnetic, between two “lattices,” the Abrikosov
Igttice of vortices and a generally disordered distribution of
microstructural defects. Then one Has

where A is a constant,B., is the upper critical field,
b=B/B., andm, v, and é are dimensionless factors whose
values depend on the details of the pinning mechanism. Th
temperature dependence is include®y(T). As shown by
Dew-Hughe$,” the values ofm and y depend on defect Tk
geometry(pointlike, linear, planar or surface, etctype of Fp:f OKp(K)dK, 2
interaction (core or magneticand type of pinning center

(normal or superconductor having different properties with ) ) ) )

respect to the bu)k A comparison of the values ah, y, & wherep(K)dK is the number of mteractlops per unlt_volume
for short samples versus coils, respectively, can give inforWith forces betweerk andK +dK andKg is the maximum
mation about modifications of the pinning mechanism, ifforce a pinning center of a given type can exert on a flux line.

any, due to the different conditions during the winding and Because of the strong coupling of flux lines to each other,
coil fabrication. their displacements due to the pinning interactions are gen-

In the present work, we follow an approach similar to thatérally small. Consequently, standard elasti'c theory can be
of Matsushit° in order to understand the main pinning used'! Furthermore, Brandf has shown that linear elasticity

mechanisms in wires and coils through the determination of€0ry has a very wide range of validity in high-super-
the factorsm and y of Eq. (1). We can obtain information conductprs. As a specific illustration of E@.), we have the
about these factors from critical current measurements as &Pression

function of field and temperature and complementary irre- 912112 5

versibility line measurements. Fp~[Bab " (1—-b)/«7] ©)

0
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TABLE |. Scaling laws from early models of flux pinnin&:p=[B'C“2b7(1—b) o kY AKP.

Basic interaction, type of
defects and interaction’s

Pointlike defects

Superficial defects

distance lattice Ref. No. lattice Ref. No.
Core interaction m=4.5 v=0.5 m=1.5 vy=0.5
normal defeclL <¢ =1 a=3 6=1 a=2
£ B=0 11 B=0 6
Core interaction m=2.5 vy=0.5 m=2 vy=0.5
normal defeclL> ¢ o=1 a=3 6=1 a=2
£ =0 3 =0 6
Core interaction m=1.5 v=0.5 m=1.5 vy=0.5
superconductive defe¢f\x) =1 a=5 =1 a=3
3 =2 13 B=2 6
Core interaction m=2.5 vy=1.5 m=2 y=1
superconductive defe¢t ) o=1 a=5 o=1 a=3
ap=Abrikosov lattice p=2 B=1
parameter 13 4

Magnetic m=2.5 vy=1.5 m=2 vy=0.5
\ 5=1 a=5 6=1 a=3

B=0 2 B=0 2

for a distribution of pointlike voids with dimensioh<¢,  flux line that can be coherently activated, and the distance
where ¢ is the superconductive coherence length andhe line must move. Much theoretical work was done to de-
b=B/B,, is the reduced field. This is a scaling law. Similar rive these quantities that differ for various types of pinning
expressions are obtained for defects with different geommechanisms and vary with respect to temperature, magnetic
etries, length scales, and types; several of these are collectéidx density, et¢’ For the purpose of further calculations we

in Table I. A central feature of these expressions for thesuppose that

pinning force is that they all have the general form of Eq.
(1), but the exponents differ, depending on the geometrical
and physical characteristics of the defect distribution. We . R .
can dismiss the magnetic pinning mechanism at the outse ,'th Fpo= B‘JCQ being the “ideal _pinning force without
however, as core pinning is strongby a factor of«/4 In «. thermal activation an/ as the activation volume, then one
With =100 in highT. superconductors, core pinning has from Eq(4) the result that
should dominate. (

Uo=FpoV§ ()

KgT
Fp: Fpo_

V—gln

Eo
E) . (6)

Ill. EFFECT OF CREEP

Classical pinning theory, some results of which are col- In this expression, we use féi,, the scaling law given
lected in Table I, does not include dynamic effects like ther-by Eq. (1), and assume th&<B,,, which means that the
mally activated flux creep. As the effects of magnetic relax-factor (1—b) is negligible. Let us considering two possibili-
ation are relatively weak in most low-temperatureties for the activation volum& V=d3=(1.075(¢,/B)>?
superconductors, there was no specific need to incorporat¥ V=d2£=(1.075Y(¢,/B) &, whered is the flux-line spac-
such effects. In high-, superconductors, however, the trans-ing. Then we obtain the respective expressions:
port and magnetic properties are strongly dependent on
fluxon dynamics and these effects must be consider¥e-
shurun and Malozemoff explained successfully the form of m
the irreversibility line, by including large flux-creep effects WhereC1=ABc; and

Fp=C1b?—C,b%? @)

in the critical-state modef. The pinning force one observe at 32
; : ; KgT E
the electrical fielcE is C.=— c2 Inl =2
=——
27 (1.079%3% "\ E
KgT [Ep
sz BJCZ B‘]CO 1- U_o In E s (4) or
wherel, is the critical current density without creep effects Fp=C3b”—C,b, (8

and E, is the minimum measurable electrical field. In this

simple model, the activation enerdy, is equivalent to the WhereC3=C;=ABg; and
height of the barrier the flux line must overcome. Then it is

proportional to the product of the volume density of the pin- C.= BeoKgT In(E)
ning force, the activation volum¥, i.e., the volume of the 47 (1.079%®,¢2 T\ E
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In general, these are not scaling laws, because there is no For T nearT,, one can obtain a simplified versfoof

clear separation into factors depending separatelif @amd

Eqgs.(10) and (11):

on B. As we will see in a later paragraph, however, some

conditions of creep allow us to put these expressions into the

Birrx(l_t)sy (12)

form of scaling laws with respect to a parameter which is NO{yheree =2(m—y)/(3—27y) or e=(m—y+1)/(1—y), de-

B.o, but rather the irreversibility field;, .

pending on the activation volume.

We can obtain an expression for the irreversibility line by 1o approach leading to the irreversibility field, as given

settingF,=0 in Egs.(7) and (8), using the following rela-

in Egs. (10) or (11), is based on Eq(4), which is strictly

tions for the temperature dependences of the upper criticglyjig only for current close to the critical current. A more

field and the coherence length:
Be2(t) =Beo(0)(1-t?), (99)
Et)=&((1-1)~ (9b)
wheret=T/T_. Solving for the magnetic field, we have

Birr: Klt2/(27—3)(1_ t)l/(2y—3)(1_ t2)2(m— I(2y—3)
(10

with

KgTcBL M(0)  [Eo| [**¥
1= 1(1.075%A0%%(0) "\ E ’

or
B = KtM =D (1 —t)Mr=D(1—2)(m=»/1=v (17)
with

U(y—1)

[ KeTeBL™(0) (Eo)
27| (1.075%A0,£%(0) "\ E

according to the two different definitions for the activation

volume.
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FIG. 1. Pinning force behavior vs magnetic field at different temperatures for the four samples of Bi-2212/Ag superconducting materials:

(a) S-Vac, (b) C-Vac, (c) S-Pi, (d) C-Pi.

general approach would take into account the meastrdd
characteristics, which can be expressed by the following
formula®

E \KsT/Uo
) , (13

JZJO(E_O

whereE, andJ, form a point on the characteristit-J curve
taken at an electric fiel& as low as possible.

Using Eq.(13) it is possible to write the volume pinning
force as

Ec) KgT/FpoVé

Fo=BJ. BJO( E, , (14)
whereE, is the field criterion used to defink . We use the
criterion E.=0.1 uV/cm for the experiments presented in
this paper.

To define the irreversibility line, let us introduce a current
threshold criterionJ,,, say 16 A/m?=10 Alcn?, above
which the pinning force is negligibly small. Then putting
J=J,, andB=B;, in Eq.(13) we can obtain another expres-
sion for the irreversibility line. Thus we find

Birr: K3t2/(2y— 3)( 1— t)l/(27— 3)(1_ t2)2(m— I (2y—3)

(19
10 ———rrr————r———y
—e—T=42K 3
. [ —=—T=20K ]
10° v ——T=30K E
—a—T=40 K E
& 0 L T T=30K ]
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z +T=7OAK//N" ;
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=3 E E
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TABLE Il. Measured pinning parameters found using Ed$.and(10), (15) or Egs.(11) and(16).
Y m
FromF, From IL FromF, From IL
Samples  Eq. (1) Egs.(10-(15 Egs.(1)—(16) Eg.(1) Egs.(10—(15 Eqgs.(11)—(16)
S-Pi 0.93£0.09 0.5:0.3 0.8:0.3 4.7+0.5 2.2£0.5 2.2:0.5
S-Vac 0.81£0.09 0.5:0.3 0.8-0.2 3.5:0.7 2.3:0.6 2.3:0.6
C-Pi 0.81+0.08 0.8:0.3 0.70.3 5.0£0.9 2.6:04 2.6:0.4
C-Vac 0.89£0.09 0.8:0.3 0.70.4 3.4:0.8 2.4:0.5 2.4:0.5
with wound using the Pirelli wire(C-Pi) and the Vacuum-
schmelze wirgC-Vac).
KgTe In E¢/EqBc,(0)?™™ | 2/(r=3) 5 The wiresS-Pi and S-Vac, of diameter 1 mm, are com-
Ks= In Ji,r/JOA(l.O75)3<I>8’2§(O) for V=d posed of a mu_lticore_ superconductdr9 COres, ¢oore~100
um), enclosed in a silver sheath. The test c@ldi, of in-
and ternal diameter 30 mm and 50 mm height, aBeVac of
internal diameter 15 mm and 50 mm height were made with
B =Kt V(1)1 y—1)(1—t>)(r~m/(y=1) the wind-and-react technique. They were wound using wire
(16) of 4 and 10 m length, respectively, on a removable mandrel
. to avoid degradation of the transport properties due to the
with mechanical coupling with supporting structutés’he short
oD sample and the test coil were thermally reacted in the-same
KgTJINE./EB¢,(0)” y for V—d2 way and at the same time. In order to melt the precursor of

Ka= | 03, 130A(L1.0757B 0 £(0)°

the Bi-2212 phase, the samples were heated up to 910 °C for
1 h; the crystallization was carried out at 840 °C for 100 h.

Let us note that these temperature dependences of the As we suggested before it is possible to extract informa-
irreversibility line are exactly the same as those obtainedion about pinning mechanisfm, y factors in two different
using for the creep the Anderson’s model E4). The only
difference between the two approaches is the expression dfility line measurements.

the constank; .

We see that the irreversible behavior of a hifhsuper-
conductor is related to the characteristics of the pinninglensity is defined by the electric-field criterion Bf=0.1
force. In this analysis the irreversibility line is a function of xV/cm and was obtained fromV measurements, with the

m and vy, which are characteristic of the pinning mechanism

ways? from critical current measurements and from irrevers-

The critical current measurements are carried out at dif-
ferent magnetic fields and temperatures. The critical current

inside the material. Thus both critical current and IL mea- 10 e T ]
surements can give information about the pinning mecha- g | . C:V:ﬁ ]
nisms, in this analysis.
(93
IV. EXPERIMENTAL DETERMINATION [:u 4L R
OF PINNING PARAMETERS M-
. . . 2+ J
The samples analyzed in this paper were two Bi-2212/Ag i
sheathed round wires, produced by Pirelli and Vacuum- 0,5 o 03 N
schmelze(denoted asS-Pi and S-Vac) and two small coils ' ' ) ’ ) ’ )
(a) T/T,
0.20 . T T T 7 ¢ T T T
. B=d 6 L E
= B=04T
oas f 0 27N ; = 5t ]
= + B=4AT @ £ E
S o[ + BST & 4
o GRS E
[, E
0.050 [ 3 ]
0.0 k : . L
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Temperature (K) (b) T/l“C

FIG. 2. Resistive measurements for the san@p€ac at differ-
ent applied magnetic fields.

FIG. 3. Temperature dependence of the irreversibility field car-
ried out from resistive measurements) S-Vac andC-Vac; (b)
S-Pi andC-Pi. Solid lines are the fit with Eq15).
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parallel conduction of the Ag cladding subtracted out always. TABLE lIl. Values of experimental pinning parameters found

The samples were field cooled. After each critical currentsing Eq.(21), F o (B/Bjy ).
measurement vs field at fixed temperature, the samples were
heated above the critical temperat(fg to release trapped Samples p q
flux. The pinning forces measurements at different fields and p; 0.84-0.07 3904
temperature for _the_ four sam_ples are shown in Fig. 1.  Svac 0.81-0.06 5101

Though the pinning force is strongly affected by dynami- _ _.

- : .. C-Pi 0.87+0.02 3.0:0.1

cal effects, we can extract information about the pinning_ | 0.82:0.02 2 601
mechanisms by looking first at the part of the curves at low ' ' o
temperatures and low field; i.e., the portion less influenced
by flux creep. Consequently, we consider selected data frofye gefine ag* the temperature at which the electrical field
the initial rising part of the=(B) curves for each tempera- ;.55 the sample is exact,=0.1 uV/cm. Plotting the
ture. Using Eq{(1) for B<Bc; the pinning force is approxi- - ,rent density in the supercocnducting cross secligver-
mated: susT we findJ5=Js{T*) so that we obtain one point of the
curvesJ(B)3_; that follow the form?°

FpoBbYxB,(0)™ Y(1-t3)™ 7B, (17)

_ —-a(mB

The values ofy andm are found from a fit of the selected Jo(B)=Joe ' 18
experimental data. From E@17), the curves ofF, can be From critical current measurements it is possible to obtain a
approximated at a fixed temperatureRys-B”, so doing we ~ formula fora(T), so that evaluating(T*) we can findB;,
found . Similarly we can evaluatenf— y) approximating from the following system:
the curves of, at a fixed field ag= o< (1 -t 7.

In order to minimize the effect of flux creep, we use for
a value found by extrapolating td=0 the values deter- . (19
mined at higher temperatures. In the same way, the values of Jin=Joe 3T Bir,
(m-v) are found by extrapolating tB=0 the values deter-
mined at higher fields. The results fgrand m are shown in
Table Il. . 1 J*

A different approach, leading to the determination of the Bir=B + w5 In ( )

- . a(T*)

pinning parameters, is based on the measurements of the
irreversibility field as function of temperature. Using Egs.In Fig. 3 is shown the behavior of the irreversible magnetic
(10) and (12) or (15) and (16), respectively, we can fit the field vs temperature for our samples.
experimental data and obtajgnand m. Analysis of the irreversibility line data, acquired mostly at

The irreversibility line is obtained from resistive transi- higher temperatures, leads the values=0.5-0.8 and
tion measurement®.g., see Fig. 2 foE-Vac) made at fixed m~2.5, independent of which activation volume is assumed.
field using the criterion;; =105 A/nf. At a fixed field B* Referring to the theoretical results in Table I, we see that the

J* = Joe—a(T* )B* ,

solving for B, we obtain

‘]irr (20)

1 2 T T T T T T T 1 2 T T T T T
o T=42K
» T=12K -
o T=20K
4 T=30K ]
v T=40K
x T=50K ]
o T=70K
. Fit Eq.2l
0.4 0.4
1.2 T T T 1.2 T T T T T
1.0 | "a 4 . - 1.0 . v x !
r 4 - ¥
L 08 [ ] x 08 | X T42K_'
= [ g f . =4,
g r ] _ ]
@06 [ ] &: 06 ¢ D50k ]
b L) L ',
>k e T=42K Booa L v T=40K 4
04 ¢ m T=20K ] r x  T=50 K
A T=40K | 02 L + T=60K ]
L - ] 2 o T=10K
0.2 ¢ T=60K Fit Eq.21
Fit Eq.21 0.0 L | et L L I VRN £‘] .
0.0 : ‘ : o ; 00 0.1 0.2 0.3 0.4 0.5 0.6
) 0.0 0.1 02 03 0.4 0.5 @ b

FIG. 4. Fit of the normalized pinning forcé(,/F, mao versus the normalized magnetic figll/B;,) with the empirical Eq(21). (a)
S-Vac, (b) C-Vac, (c) S-Pi, (d) C-Pi.
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1.2 T T T T T 7 12 T T T T
E e T=42K] 1
¢ T=20K ]
e A T=30K s IOk
e v T=40K | 4 T=30K ]
=1 =
+ T=60K ] x 1=
o T=70K ¢ 10K
Fit Eq.244 Fit Eq.26
1 o 1
0.5 0.6 0.5 0.6
(a)
12 T T T T T 12 T T T T
5 o T=42K o T=42K
a ¢ T=20K ] . T=20K 4
&, v 1ok : v Tk
v T= ] I L v T=40K ]
~ x T=50 K 04 /2 x T=50K 1
v T=60K nd + T=60K ]
6 T=70 K 7 02 o T=70K 7
Fit Eq.25] Fit Eq.271
0.0 . L N L ) M 1 0.0 | I 1 1 L [ . ]
®) 0.0 0.1 0.2 %3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
(d) b

FIG. 5. Fit of the normalized pinning forcd=(,/F, 5, of short wireS-Pi versus the normalized magnetic fi€Rl B,): (a) fitted with
Eq. (24), (b) fitted with Eq.(25), (c) fitted with Eq.(26), (d) fitted with Eq.(27).

experimental values are consistent with core pinning by norsuperconductors. Equatio21) describes our experimental
mal state, equiaxed defects with> £, such as second phase results very well, as evident in Fig. 4 showing fits to the
inclusions, etc. On the other hand, the preliminary analysiiormalizedF, data. The resulting values farandg, which
of F, using Eq.(1) gave the valueg~0.8-0.9 andn~3.5—  are given in Table Ill, are not far from those determined in
5. While these latter values show no clear agreement witlother laboratorie€® Note that the factop is equivalent toy
the mechanisms in Table I, the valuerofis compatible with  and our value op~0.8 is similar to the value of found in
core pinning by normal pointlike defects with<&. Oxygen  the IL analysis.
vacancies, site-antisite defects and interstitials, which are A less empirical approach can be tried using expressions
generally present in cuprate superconductors, may all serv&) and(8) or (14) for the pinning force. In fact expressions
as pointlike pinning sites. For example, earlier flux-creep(7) and (8) obtained in the third paragraph are not scaling
studies of pinning in YBgCu,O,_; crystals, under condi- laws with respect tdB,., (the temperature dependence is not
tions where pointlike defects should be dominant, showedactorable, but they can be cast into the form of scaling laws
good agreement with theoretically predicted behavior forwith respect toB;, .
such a systerft We can find an expression f8;, as function ofB;,, from

We think that this discrepancy between the two cases i&qgs.(7) and(8) by settingF,=0 andB=B:
due to the high influence of dynamic effects, which are es-
pecially pronounced at elevated temperatures. A partial in-
troduction of creep effects through the evaluation of the ir-
reversibility field,B;, , gives results more consistent with the

KgT U(m—y)
_ 3—2y)/2(m—
BCZ_ Bi(rr iz

E
A(1.075%03% In EO

values of Table I. This consideration leads us to try to un- (22)
derstand better the temperature dependen fstudyin
- >_emp P d&,ofstudying for V=d® and
how Eq.(1) is modified by flux creep.
KgT U(m—-y) 1
V. PINNING, CREEP, AND THE IRREVERSIBILITY LINE Beo= Bi(rr nim=y)

Eo
2 2 | 9
Taking into account creep effects we cannot avoid con- A(L.0797@o¢" In E

sidering the existence of a scaling law for hi§psupercon-
ductors, which has been observed by several aufiofS.
The observed pinning force can be expressed by the empiri-

(23)
TABLE IV. Comparison of the exponent of Egd.5) and (26).

cal law: Samples v Eg.(26) v Eq.(15
B \P B \d .
Fooe| = [1- =] . 21 SP 0.6+0.1 0.5:0.3
Birr B S-Vac 0.6+0.1 0.5-0.3
C-Pi 0.5+0.1 0.8:0.3
Here, the scaling field is the irreversibility fieRl,, rather  c-vac 0.5-0.1 0.8-0.3

than the factoB, that appears in Eq1) for conventional
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for V=d?¢. 12— : . —— ;
Inserting Eqs(22) and(23) in Eq. (4) we have foV=d?, »
Fp=Rb?(1-b¥%7) (24) . 1
. : o T=42K ]
with & » =K T
= v ERE
b= 2 andR.= KgT InEy/E B2 x ;;;% ]
Birr 1 W irr Fit Eq.26
0.4 0.5
and forV=d?¢, @)
Fp=Rb?(1-b'"7) (25 12
with Lo e ]
. 08 | “ ]
0 B 4R KBTInEO/EB g = ¢ ]
= — =SB . = 06 [ B
B 2 (L0757 < ; !
=0 =i
The temperature dependence is contained in the fa&prs o b o T=40K |
andR,. The two dependences, from temperature and mag- ‘ ‘ ;;63;,26
netic field, are factorized and the scaling field is exaBtly. 0.0 B4 03 'b‘ R o5

Thus we obtain a scaling law similar to the empirical one, ()
but better justified.

In the same way we can obtain a scaling law starting from 12 - T .

Eq. (14) and so doing we found: ]
_ p3/2y g : %:Aztbzlg 1
Fp=R3bC (26) g A T=30K

- v T=40K
with Ry=JoB;,; and C=(E,/Eg)""n30)/E/E) for \/= 3 i Y Tk
and o T=70K A

Fit Eq.26
1- 00 TTor 0z 03 0s 05 06

Fp:R3be 7 (27) (c) b

for V=d2& We stress again that our formulas are carried out
in the approximatiorB<B,.

Equations(24), (25), (26), and (27) give direct informa-
tion only on v, in fact the information orm is completely
included inBy,. Also the information ony obtained using internal consistency, compared with the analysis based on
the scaling laws is more significant in principle than thatconventional theoryEq. (1)], wherey=0.8-0.9.
obtained from the IL, since we use all of tlg,(b) data, For the most part, this work treats vortex pinning from an
rather than just one point that determines the irreversibilityaggregate, macroscopic perspective. It is clear, however, that
field. Let us now test the ability of the various relations tothese are very complex superconducting materials. The lay-
describe the set of measurements on the short Pirelli wirered Bi-2212 itself is highly anisotropic, with idealized
S-Pi. The results are shown in Fig. 5, where the discretesingle-crystal experiments revealing markedly different
points are the experimental values. The four lines show theroperties for in-plane versusaxis orientations of current
best fits to Eqs(24)—(27), as indicated in the figure legend. and magnetic field. Correspondingly, a sophisticated theory
It is readily apparent that the fit is quite poor in three caseshas been developed to treat some aspects of this many fac-
In contrast, Eq(26), which is derived from th&-J relation  eted problenf’ By contrast, the “real” materialsround
for theV=d? case, describes the experimental measurementsires and coils fabricated from théninvestigated in this
fairly well. This last analysis yields foy the value 0.6, as study have a wide distribution of angles between the current,
listed in Table IV. magnetic field, and copper-oxygen planes. Qualitatively, one

With this encouraging result, let us see how well the samexpects(1) that the bulk of the current flows in the CuO
model relation Eq(26) describes-(b) for the short sample planes and2) the current-limiting orientation of field occurs
of Vacuumschmelze wir¢S-Vac) and the two small coils, for H perpendicular to the planéwith H parallel to the CuO
wound and reacted from these materials. The results anglanes, intrinsic pinning is strong and robust
shown in Figs. 68)—6(c). Examination of the figures shows a  Sitill, this leaves current flow through a percolative net-
fairly good description for these three additional cases. Thevork of strongly coupled grain boundari#s=° with cur-
resulting values ofy, tabulated in Table IV, all fall in the rents in twisted and tortuous configurations. The pronounced,
range 0.5-0.6. As evident in Table IV, these results are verynultiple, and interacting complexity of these effects makes
comparable with those from the IL analy§i&g. (15)], where  some macroscopic, “average” treatment highly desirable.
we obtainedy=0.5-0.8. These two set of resultsased on Hence we have tested the limits of the applicability of clas-
the IL and onF, with flux creep includefihave much better sical expressions for the pinning force density and found, not

FIG. 6. Fit of the normalized pinning forcé=(,/F, a0 versus
the normalized magnetic field/B;,) with Eq. (26), for materials.
(a) S-Vac, (b) C-Vac, (c) C-Pi.
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surprisingly, that inclusion of flux-creep effects is essential.serves as the scale for magnetic fields as often observed.
Together, the formalism provides a reasonably good “big The main conclusions about the pinning in Bi-2212 short
picture” description of these complex materials, which canand long samples, in the range of fields and temperatures that
facilitate studies like the present intercomparison of shorwve have considered are these:

section wire and prototype small coils.

VI. CONCLUSIONS

We have studied the parameters of flux pinning in Bi-

(1) Both short and long samples seem dominated by
mechanisms with vortex core pinning by normal, equiaxed
defects. A conventional analysis Bf,, which tends to em-
phasise the lower temperature regime, suggest pinning by
pointlike defects with dimensioh<¢, such as oxygen va-

2212 short and long samples, analyzing the critical currentancies, site-antisite defects, and interstitials. Analysis of the

density and irreversibility line determined experimentally.

irreversibility line, which emphasizes the regime of higher

The pinning force under conditions of strong flux creep wasemperatures, suggests pinning by larger defects Lat¥,

derived for the cases when the activation voluvhés pro-
portional tod® andd?, respectively, supposing the activation

e.g., precipitates.
(2) The same mechanisms operate in the short samples

energyUy~V. We showed that for two models describing and in the small coils, even though the fabrication process
the flux-creep portion of the current-voltage characteristicscaused a degradation of the transport propeitimser cur-

the Kim-Anderson model~In(E) and the power-law model

J~EXs"Yo, the calculated irreversibility lines have tempera-

rent densities and lower irreversibility line
(3) A scaling law ofF, versusB/B;, exists and can be

ture dependences containing the pinning parameters. This rebtained from the power-la-J relationship.
sult allowed us to use the irreversibility line data as an alter- (4) The system appears to have/a d* dependence for
native source of information about the flux pinning in studiedthe activation volume.

samples.

(5) The information on the pinning mechanism obtained

We have demonstrated that for supposed model casdégom J. measurements by selecting some data, to avoid creep

(Up~V with V~d3 or V~d?) it is possible to find an ana-
lytical relation betweerB., andB;,,. This leads to a scaling
law for the pinning force where the irreversibility fiell,

effects, does not give consistent information, in fact the fac-
tors y~0.8—0.9 andn~4 disagree with any mechanism of
Table 1.
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