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Imperfections in ·solids are important in the pinning of both super-
. 1 2 # 

conducting filaments and fluxoids, the two limiting forms in the mixed-

state •. According to Anderson,3 flux penetration in the mixed-state is a 

therma~ly activated process with filn activation energy resulting from 

inhomogenities, strains, dislocations, and other physical defects. An ex­

ternal· field aids the motion of ''bundle~" of flux over these energy 

barriers and p~ays a crucial role in determining the critical current den-
. . 

. 4 ' . 6 
.sity. ·:Friedel et.al.5 and Silcox and Rollins have investigated the 

·pinning of fluxoids by cavities as found, for example, in sintered compacts. 
7 . . 

Recently, Webb ha.s analyzeQ. the pinning forces due to forests of screw 

,.f . 

dislocations on fluxoids and single screw dislocati9ns on coaxial and parallel 

superconducting filaments. ·webb's model !s based on the small differences 

in the elastic compliances and moduli between the normal and superconducting 

' phases; these differences result in a small free energy density difference 
/ 

and a pinning force. Evidence for a' dislocation stabilized filamentary 
. 8 I 

network has been found rece'ntly. / 

It is often.assumed9 that continuous defect structure such as a dis-
' I 

location network is needed to pir/. a continuous filamentary phase. We shaw 
• · I ·10. 

here that an array of isolated composition fluctuations can result in 

localized stress fields. capable of pinning a continuous filamentary phase. 
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Since the stress fields surrounding volume inperfections vary approximately 

· with the inverse cube of the distance (as COI:~pared to inversely with the 

distance for dislocatio~)the strain energy 1rill be highly localized. The·: · 

magnitude of the strain energy and the pinni:>.g forces on both superconducting 

filaments and fluxoids will be estimated and c<:mpared to those estimated 

for other pinning mechani6ms. 
11 . II lQ 

Our model material contains regions of composition fluctuations 

whi·ch are represented ··as ~pheres of radius "a" . separated from the other 

similar spheres by an average distance of 40 a. The superconducting fila­
\ 

menta (or the fluxoids) are present ·in the form of cylinders with an effec- · 

tive radius "c" and the cylinders extend from the region of one sphere to 

the next. A stress field will necessarily surround regions of composition 

fluctuation when the ,types of atoms composing the alloy are of different 

,sizes. Precipitation of a second phase would tend to.relieve this stress. 

Although we are primarily interested in the effects of the stress field, 

it. is also necessary to disti~ish between three types of composition 

fluctuations: those with a localized cri.tical temperatures equal, greater, 
" 

or less. than that of the material in the matrixo · For the first two types, 
-~ 

the superconducting filaments will be most stable when the center of the· 

sphere coincides wit~ the axis of the s~perconducting filament. ·In the last 

type the regio? of composition fluctuation will tend to trap flux while the 

strain field will tend to trap superconduc.ting filaments in the same region. 

To approximate the last type we shall determine the p:tnning force on a 

superconducting filament .when itsaxis·is separated from the center of.the 

sphere by a distance b a a + c. 

.} .. 
. i . 



.. 

.• 

-3-

\ 
. To determine the interaction energy U -between a superconducting filament 

and a stress field surrounding a spherical imperfection, it is convenien~ 
\ . 

. to express the strain energy in terms of the compressibility X and I 
I 

Poisson's ratio v. Friedel11 
has derived this relationship for spherical 

caVity. · For the case b ~ a + c the i~te~action energy is 

· 4( )2 z b+c 
U = 36 !:!1 JkE.Yl a · a-r s max dz · f rdr 

. x. ~ X of b-e 

. 2 2 2J. 
-1 lr +b -c 

c~s '- 2rb 
· · dB 1 
f 2 2 3 

0 (z +r ) 
(1) 

where· ·the integration is over the superconducting volume. Here the origin 

is taken at the center of the sphere and z is paral:l.el to the filament. 

We define r as the radius the sphere would assume if it contained an equal s- . . . . 
· number of stress-free atoms of the same composition as the mattix and 

A X. = 'X -x. •. 
. ..B. n 

Integrating Eq. (1) yields . 

u = 2.25 n 

(2) 

Here F and E are Legendre normal integral~first and second kind. 

.performing the integration we introduced a small approximation by changing 

cu Zmax = 20 a to infinity. The pinning force Fe = db is 

'· 

In 

'· r 
t 
i 

I 

·' '' 



.. · 

. . . 

. . 
' . f 

. I 
. ~: 

t .•. 

=o-----·- ·-

-4-

.. 

For the region b.~. a.+ c, F
0 

has its maximum value at b .,. a+ c. The 
. - . -5 

magnitude of F c can be ·e·st~ted using typical values .of a .,. 10 em, i. 

c = 10-5 em,, 6x/x = 4 X. 10-6 (Aler's and Wald0rf's12 values for Pb at 4.~·K) 
· a-r 

. x = 5 X 10-l3 cm2/dyne, v =. 1/3, and ITI = .02. Substitution of these 

values into Eq. ,(3)yields F · ... 1.8 X 10-3 dyne/em~ when the spacing of . c . . 

these spheres is 4o a. The larger the sphere and the greater the difference 

in atomic size, the larger F becomes. . c 

For the case where a = c and b a 0, we find 
. .. 2 

4- rr' fl-2)) a(a-rs) 
U = -9 . l+v X . a+ 

X 

6ITa(a-r' )2 
s . 

X: I 

~ 
x' - --<~) 

Here X' is the COmpressibility within the sphere,~ x' = x' -x' and r' s n1 s 

. is the radius the .~phere would assume in its stress-free state. The first 

term on the right is the difference in strain energy contained in the matrix 
( ll 

and the last term is that difference in the sphere. . To avoid geometric 

complications, we shall underestimate the pinning force and define 

F = U(d=2a) - U(d=O) 
c 2a • 

· , a-r' 
Setting X'= x, a = !!A ) I ----2.1 

X X · a 

yields Fe = 3.2 X 10-3 dyne/em. 

a-r 1 1----2.1 and using the above values = 2 a 

These values for F are of the same order of magnitude as those found c 
. 7 

for.dislocations. Here the regions of composition fluctuations are separnted 

from one another by 4 microns 1 ·while in.~ dislocation mode.l the dislocations 

and filaments are coaxial. ~ 
13 . ' 

Pinning of fluxoids in the critical state results from their repulsion 

from the stress barriers of the imperfections. Webb estimates that the 

value of the pinning fo~ce on fluxoids by a "forest" of dislocations is of 

the same order of magnitude as that due filament pinning by a single screw 
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· dislocation. Although we expect the pinning by the stress field due to 
' 

groupings of these re~ions of composition fluctuations to be of comparable: 

·value, there is 1 however, a significant difference. The fluxoid may become 

. trapped on the region of composition fluctuation when: the Tc of the material 

14 in this region is less than that of the matrix. Livingston has explained 
. .. .. ·. I • 1 . 
his. magnetization results on the Pb-Sn system in this manner. 5 . 

. 
It has been suggested on the basis of experiments with heat treated 

. . 16 .. . . . 17 .. 
niobium-zirconium alloys and age-hardened aluminum ~hat the stress field 

around pre-precipitation ~ones ( a more specific form of composition fluctua­

tio~) ·is important in determining critical current densities and hysteresis 

·effects. Our calculations would seem to substantiate these suggestions. 

It is a pleasure to acknowledge the interesting discussions with 

Professors E. R. Parker and v. F. Zacks.y· and Mr. M. Rosson. This work was 

·performed under the auspices of the United States Atomic ·Energy Commiss:;.on • 
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