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COMPOSITION FLUCTUATIONS IN HARD SUPERCONDUCTORS
Louis E. Toth and Ira P. Pratt

. R Inorganic Materials Research Division
. . + Lawrence Radiation Laboratory .. °
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Imperfections in'éolids are important in the'pinning of both super-
: Aconducting filamental and fluxoids,2 lhe tno limiting fqnns in the mixed-'
‘state. 'According to Anderson,3 flur penetration in the mixed-state is a -
thermally activated process with an activation energy resulting from "
inhomogenities, stréins,Adislocetions, and other ph&sical defects. An ex-
ternal- field aids the motion of "bundles" of ‘flux oyer these energy
4 berriers"end plays a crucial role in determining the critical current den-
.vsitylu : Friedel eﬁ.al.s‘and Silcox and Rollins6 have investigated the

.?pinning of fluxoidsbby cavities as found, for example, in sintered compacts.

'Recently, Webb7 hag analyzed the pinning forces due to forests of screw
dislocations on fluxoids and single screw dislocations on coaxial and narallel
snperconducting filaments. 'Webb's medel is'based on che small differences
in the elastic ‘compliances and moduli between the normal and superconducting
phases; these differences result in a small free energy density difference
l and a pinning force. Evidence for q'dislocation stabilized filamentary

. / ,

network has been found recently. /

9

that continuous defect structure such as a dis-

/
location network is needed to pin a continuous filamentary phase. We show

It 1is often assumed

here that an array of isolated compoaition fluctuationslo can result in

: 1ocalized stress fields.capable of pinning a continuous filamentary phase.

oW



‘Since the stress fields surrounding volume imperfections vary apprOximatelyv__.'

o with the inverse cube of the distance (as coxpared to inversely with the

distance for dislocations)the strain _energy vill be highly localized. The

magnitude of the strain energy and the pinni,g forces on both superconducting f;f,

filaments and fluxolds will be estimated and.compared to those estimated

for other pinning mechanisms. _
| S 10
Our model material contains "regions of composition fluctuations"

which are represented ‘as spheres of radius "a" separated from the other

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

T,:ments {or the fluxoids) are present in the form of cylinders with an effec-’

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

‘thevnext. ,A stress field will necessarily,surround regions of composition
svfluCtuatiODlWhen tﬁe.fyies'of atoms composing the alloy are of different

| :\sizes. 'Precipitation of a second phase would tend to relieve this stress.

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

‘ i?fis also,necessary to dlstinguiSh between three types of composition
flﬁctuationsf those with a localized critical temperatures equal, greater,
. or less than that of the material in the matrixe For the first two types,

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

s'sphere coincides with the axis ‘of the superconducting filament.

llt-_type:the region of-composition fluctuation will tend to trap flux while the o

" strain field will tend to trap superconducting filaments in the same region.

To approximate‘the last type we shall determine the pianing force on a .,
' superconducting filament when itS'axiscis separated from the center of. the

sphere by a distance b =a + c.

In the laSt '




. Fc = .2025].[

_1To determine the interaction energy. U between a superconducting filament

and a stress field surrounding a spherical imperfection, 1t is convenient

/

",to express the strain energy in terms of the compressibility x and | f'

‘Poisson's ratio v. Friedelll‘has derived this relatibnship for spherical

cavity. For the case b >a+c the interaction energy 1is
| ~-1 lr +'b2 2J |

A (1-2v éh(a-r )2 zmak ' | cos d9 2rb
U =36 ) _t f rdr f -—-J—75-3 (1)
. X X 0 bec 0 (2%4+x°) S

~ where“the integration is over the superconducting volume. Here the origin

1s taken at the center of the sphere and z 1s parallel to the filament.

We define rs.as the rﬁdius the sphere_wpuld assume I1f it contained an equal_

_ number of stress-free atoms of the same composition as the matrix and

N

Ax =X K | -
' Integrating Eq. (1) yields .

| 4 l-2v‘ ah("'rs)e( b + Tc
U=2.251 -%-53771 — zL(b 2)3J [ 2’b>
( 5 ) F(a' b)] ('g

I

o‘lo

-Hbré F and E are Legendre normal integra%f’SE\EE;'}irst and second kind. In

.performing the integration we introduced a small approximation by changing

U
=2 o =
Z 0 a to infinity. The pinning force Fc Py is

L

AL+v) xl X ‘Ub2_02)3 2 v (b2-c2)

»
..
X

&
*

) ‘ | \ .
1-2v) ax 2 (a "Tg ) Eb +lhc (L c)_ 2 +280 % 2+2c E("I 9_)( (3)
7/ V2 ;



.For the region b > a+ ¢, F has its'maximum value at b = a + ce The

magnitude of F can be estimated using typical values of a = 10 "o cm, %'
' 4c = lO cm, Au/x = h X 10° (Aler 8 and.Waldorf' 2 values for Po at h\E °K)

x=5X10" ca /dyne, v = 1/3, and | 8| = .02, substitution of these

~ values into Eq. (3) yields F, = 1. 8 x 10 -3 dyne/cm. when the spacing of
‘ these spheres~is hO a. The 1arger the sphere and the greater the difference
.“in atomic size, the larger F, becomea._

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

. 2 K
N a(a—r ) ' 6Ha(a-r ! ) ] '
v = oo S —em By e % - =)

Here X' is the cbméressibility.within the spheie,.A X' = x's-x'n, and ré
~1is the radids the sphere would assume in 1ts stress-free state. The first
'term on the right is the difference in strain energy contained in the matrix
'. aﬂd the last term 1s that difference in the sphere.ll, To avoid geometric

complications; we shall underestimate the pinning force and define

_ U(a=2a) - u(d=0)
c 2a | -

F

a=r ‘
= L l asl and using the above values

. w !
' .oy A X
Setting x Xs X X’ = 5
-ylelds Fc = 3.2 X 10-3 dyne/cm.
 These values for Fc are of the same order of magnitude as those found
" for-dislocations;T' Here the regions of composition fluctuations are separated -

from one another by 4 microns, while in the dislocation model the dislocations

;and'fiiaments are coaxial.

Pinning of f;uxoidsl3 in the critical stagé results from their rcpulsion
‘from the stress barriers of the imperfections. Webd estimates that the
Qalue of the pihning fo;ée on fluxolds by a "sorest” of dislocations_is of

‘the same order of magnitude as that due filament pinning by a single screw



~ dislocation. Although we expect the pinning by the stress field due to

5=

is
[

' 'groupings of these regions of composition fluctuations to be of cOmparable
'vslue, there 1s, however, a significantrdifferences The fluxoid may become
“ . trapped on the reéion of composition'fluctuation when’ the T; of the material

- 4in this regidn’is less than that of the matrix. Livingstonlh has explained

, 15

his magnetization results on the Pb Sn system in this manner.

It has been suggested on the basis of experiments with heat treated
niobium~zirconium a.lloys16 and age-hardened aluminum Zhat the stress field
around pre-precipitation zones ( & more specific form of cemposition fluctua-

tion) 1s important in determining critical current densities and hysteresis

“effects. vOur-calculations would seem to substantiete these suggestionse.

It is a pleasure to'acknowledge the interesting discussions with

Professors E. R. Parker and V. F. Zackay and Mr. M. Rosson. This work was

. ‘performed under the auspices of the United States Atomic'Energy‘Commission.
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