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Chapter T

INTRODUCTION

In the mixed state of the type II superconductor,
the magnetic field forms a two dimensional trianqular
lattice with a supercurrent vortex producing one quantum of
magnetic f£lux, ¢L' at each lattice point. When a transport
current J is applied, a lLorentz-like force 3x$° acts on
each vortex. If the superconductor is a honogeneous
material (free of crystalline defects or impurities), the
flux line lattice (PLL) would move viscously parallel to the
force. The moving FLIL induces an electric field which acts
like 2 resistive voltage and causes povwer dissipationmn. On
the other hand, if the superconductor has inhomogeneities
which restrict the PLL movement, then the power dissipation
can be prevented until the Lorentz like force exceeds the
restrictive force F, (global or volume pimnning force).
Therefore, a large volume pinning force 1is essential to
ensure the high critical currents and magnetic fields
necessary for many practical applications of
suparconductivity. An understanding of the pinning
mechanism would be very helpful in the research effort to
establish 1large volume pinning forces in superconducting
materials.

The interaction force fP {elementary pinning force)
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between a single crystaline defect (pinning center) and the
FLL has been calculated for several specific types of
defects. However, the summation of these elementary
pinning forces in the proper way ¢to find the volume pinniag
force has proved to be a very difficult problem and is still
unsolved for the general case, A direct summation of the
elementari pinning forces over pinning centers contained in
a unit volume gives a much larger volume pinning force than
found experimentally. Yamafuji and Irie (1967) and Labusch
{1969a) pointed out that the summation should be carried out
statistically taking account of the elasticity of the FLL.
This wodel is known as the statistical summation model or
quadratic summation model. In this dissertation, this
model will be referred to as the PLL iastability uwodel
rather than the statistical summation model and it will be
contrasted with the £lux line lattice defect (PLLD)
instability model which 1is presented in chapter 6. A
pecfectly riqid PFLL interacting with randomly distributed
pinning centers will give a 2zero volume pinning force since
the number of pinning centers whose pinning force is
positive at a certaian instant should  be same as those whose
pinning force is neqative. Consequently, it 1is also
suggested that an instability in the FLL movement 1is the
necessary condition for the volume pinning force and an
elementary-pinning force which is not big enouqh to produce

the 1instability shtould not contribute toward the volunme
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pinning force ({threshold c¢riterion). There has been
considerable experimental effort to find this threshold but
all the experimental evidence shows that the real threshold
is at least several orders of wmagnitude lover, if it exists
at all, than predicted by the current theory. Even if we
ignore the threshqld. the current theories often fail to
explain the experimental phenomena adequately. Kramer
{1977) suqqested an enmpirical curve to represent the
relation between the elementary pinning force and the volume
pinaing force, however, a theoretical justification was not
presented.

In order to understand the flux pinning phenomena,
one shoulé know the relationship between the elenentary
pinning force, f?, and the volume pianing force, F,, and the
effect of a change in fP on the behavior of F,. In flux
pinning experiments, it is highly desir@ble to deal with
only one kind and size of pinaning center if possible. We
chose niobium in its purist and defect free form obtainable
as the sample material. The cylindrical samples vere
irradiated with 1 to 3.2 Mev protons at room temperature to
produce dislocatioa loops {(Anjaneyulu 1977). The magnetic
field gqradients in these samples were measured using the
technique developed Ly Rollins et al. (1974) and the volunme
pinning forces were determined from these gradients. Many
of the results obtained are similar to results previously

reported by other authors but wvwe also found some baffling
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phenomena unreported in the literature. To explain the
experimental results, wve developed a new summation model
based on an instability in the movement of flux line lattice
defects. This mnodel is, therefore, named the flux line
lattice defect (PLLD) instability model and we believe it
explains most experimental phenomena at least qualitatively
at present.

To provide a background for the magunetic £lux
pinning theory, the properties of the PLL and its relation
to the volume pinning force and the driving force are
presented in chapter 2. The present pinning theories and
their difficulties 1in explaining the experimental data are
briefly reviewed in chapter 3. The experimental
techniques employed in the course ofl this dissertion are
explained in chapter 4 and their results are presented in
chapter Se The FLLD instability nodel and the
interpretations of the experimental results by this model
are presented in chapter 6. The summary is given in

chapter 7.



Chapter II

FPLUX LINE LATTICE
2.1 Introduction.

The general theory of supercoanductivity including
the Ginzburg-Landau theory which is applicable to type IIX
superconductors is presanted by Tinkham (1975) and Parks
{1969) and excellent reviews of magnetic flux pinning theory
and experiment are given by Campbell and Bvett (1972) and
Ullmaier (1975).

Abrikosov (1957) first solved the Ginzburg—~Landau
equations for a superconductor with a Ginzburg-~Landau
parameter K greater than 1A/2 and predicted the existence of
what is called the nixed state. For K > 1) J2, the energy
of the interface between the superconducting phase and the
normal phase becomes negative and in the mixed state the
specimnen should have as large aan interface area as possible
with the minisum normal phase volume. The mixed state
consists of supercurrent vortices surrounding a normal core
with each vortex containing oane quantum of wmagnetic flux.
These quantized flux lines form a tvwo dimensional trianqular
lattice (riq.,z.u).

In an applied magnetic field lower than H., , the

total free enerqy is minimum when no vortices are present in
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the bulk of the superconductor and the magmnetic field is
entirely excluded (Meissner effect). As the applied
magnetic field, H, is increased above i, , the total free
energy is lowered by introducing the vortices ianto the bulk.
These vortices enter through the surface of the sample and
(in the absence of flux pinning) form the trianqular lattice
described above with uniform vortex density throughout the
bulke. The density of quantized flux 1lines (vortices)
continges to increase until h reaches Hf.,. The average
magnetic induction field, B, in the bulk of the
superconductor is equal to n4z, vhere n is the density of
vortices. At H., » B = B,, = H., and the normal cores are
overlapping. The bulk of the sample is in the normal state
vwhen o > ch. however, a very thin sheath (thickness 600 :

for Nb) remains superconducting until H > Hc ~1e.7 ch.

3
In a type II superconductor in the mixed state, the
local magnetic field, h, in the London linit (YX-2o0e) 1is

{(Tinkham 19795)

Azz ¢ =
vYh - h= - {z ~r)
015 3

(2. 1)

-7
where ¢%=hc/2e22x10 qauss-cﬁz is the flux guantum and pY
is the maqnetic penetration depth and r: is the position of
the i-th lattice point. The solution is Ko(r). the zero-

order Hankel function of iwmaginary argument.



¢, r-rj

h(r) = K ( )
pro RPN

2 0 .
(2.2
The interaction energy between two vortices is
(bz.
1'.‘"
L¥)
U = ——2— g (—=)
ii  em*A o A .
(2.3)

This is a monotonically decreasing function of r and the
lifference between the PLL and an ordinary atomic crystal
lattice is that the interaction force between two vortices
is always repulsive and the FLL 1is held together by the
exterunal maqnetié field pressure. The elastic constants of
the PLL can be derived from the interaction energy of Eq.
2.3. Por materials with X =1 such as pure Nb, the vortex
core enerqy is not neqligible and the above equations are
not valid. When K21, the full Ginzburg-Landau theory must
be used to describe the structure of the vortex lattice in
'the mixed state (Parks 1969) . Hovever, the qgqualitative
behavior of the PLL should be similar to that of the high K

case.



2.2 The Critical State.

In the static equilibrium state which is known as
the critical state, the driving force on the FLL is balanced
by the volume pinning force. The driving force on the FLL
is produced by a gradient in the density of the quantized
£lux lines or a transport current. The critical state is
created as the magmnetic field is driven into the
superconductor by increasing the applied magmnetic field and
maintained until the flux lines are drivem out as the
applied field is reduced. So, in nost cases, the PLL is
assumed to be always in the critical state.

Priedel et al, {1963) first derived the critical
state equation employing a thermodynamic approach. They
considered a system of a fixed number N of straight flux
lines of unit length in an area A. The magnetic field

pressure p at a temperature T can be vwritten as

ar af
p = — e S = f - A —
déa )TN da IT,N
daft
==-£+B —
d8B |T,N ,

(2.4

since d(N¢2)=ﬂ(BA)=EdA*Ad8=O, wherae P=fA is the Helnmholtz
free enerqy per unit 1length and B=N #% is the average

magnetic field. The driving Fforce Ty (force ©per unit
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volume) due to a gradient in the flux line demnsity is given

by
A
dp daB dp daB d £
F A2 e m— E e me——— e— = - p— Z
e | dx dx dB dx aB” .

(2.5)

The Gibbs free enerqy, gq=f-(BH/4T), is minimum in isothermal
equilibrium and in the presence of an applied field H.
Thus, in equilibrium, the reversible B-H relation, a&#ﬂ'r)

is determined by

dq 4f |
“B—— = a—— _—_=°
daB dB 4T ’
or
af
H=4T—
dB .
(2.6)
Therefore, the driving force Fa is
H 4B /da B dB BJ
F = - \ = - —d——:z—
d 4T ax dB feq 41T R 10
Feg [ S

wvhere

2 10 as
J_ (amps/cm’) = —— (gauss/cm)
< 4 ax
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and fﬁé8)=dqq/du. The critical state is established vhen
the driving force is just matched by the volume pinning

force. The volume pinaning force, F,, can be calculated by

as B J.
F = - P = =

B
v a tntmdx 1o,u¢% . -

The volume pinning force can be measured indirectly by
measuring the magnetic field profile inside the

superconductor (Sec. 4.4).

2.3 Elastic Properties of the Plux Line Lattice.
2.3.1 BElastic Constants of the Plux Line Lattice.

The elastic properties of the PLL can be described
by the elastic constants %ug. The relation between the

stress i“.and the strain ey is (Kittel 19717)
s, = c e
’ = F woor
2.9)

by the Hook's law. If the z axis is taken parallel to the

vortex lines, the displacements of the vortex lines parallel
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to the z axis leave the lattice unchanged and the forces are

independent of e The remaining stress—-strain relation

zzZ*

can be written as

S c c e
XX 11 12 ] xx
s (o] c ' e
YY 12 11 Yy
s = c e
Yz |- by YZ
s c e
Xz 44 Xz
S 0 c e
Xy 66 Xy
(2. 10)
where
da du
e = LN 4
Xy dy dx
and ﬁ is a distortion of flux lines. . The relation betwveen
the elastic constants of the flux line lattice is
1
c = — { cC - ¢ )
66 2 11 12 -
(2.11)

The shear mnodulus Cee is very small compared to the bulk

modulus Cy - and Cy and c,, are usually considered equal.
These four elastic constants can be obtained from

the reversible B~H relatiomn, Be%(ﬂ). as follows (Labusch

1967 and 1969b):
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B
c = Cc = :
11 12 4R Ue
/eq (2.12)
B, H
44 4TC
(2.13)
B 2
| 2 d H(B")
(o4 = ———— B' z dB. '}
66 8T dn?
0
when B << B 3
c2
0.48  H: K2K®-1) B 2
“66 41 [1 2):.2'11"”-3)
6 4 L4 ( -1 v
IBA c2
vhen B =B H
c2
(2.14)

where /54=1.16 for a triangular lattice. For a high K

material and wvhen the H field is near H the elastic

2’
constants can be approximated by

}] 2 2
c = C = c = - H b 3
11 12 44 4T c2
(2.15)
0. 13 2 2
c = 2 H {1=b)
66 4T c2 ’

(2.16)
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where b = B/B .
c2
All the FLL elastic constants increase sharply as
the magnetic field increases but ¢, decreases to zero again
as the field approaches Hep while the others keep increasing
up to H.,. The maganitude of Cece is, even when the field is
close %o He,» several orders smaller than the other elastic

constants (Fige 2.1).

2.3.2 Displacements of Flux Lines due to Local Forces.

The displacements of the FLL due to a point pinning
force can be found by using the elastic theory of an
isotropic continuum., IXIf density of pinning centers is low,
the displacement u, of the £flux lattice under the influence
of a point force, fr. acting perpendicularly to the flux

line direction is (Labusch 1969b)

y & —E
0 4TLc,r,
(2.17)
where
1/2
Ce= (3 cﬂc“/zn)
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and
1/2
ro= ( 20T 8

If the pinning center density is aot so dilute, the
neighboring pinning centers tend to limit the displacement.
on the other hand, if the spacing between the pinrning
centers becomes very small, the pinning centers may act
cooperatively and the displacement becomes larger than given
in the Eqg. 2.17. However, the displacement of the flux
lines due to ¢the pinning force is generally very small
except at fields very close to i, or Heo (Fige. 2.3).

Rramer (1973) iatroduced a line pinning model. The
pinning centers separated by L, on a flux line may act
cooperatively as a line pinning center rather than acting

individually as point pinning centers aand the displacement,

U, is given by
B 1 Lo
) = £ coth(——*;)
° P«] P  z]cce z1
{2.18)
where

+

: 172
1 = (cq_cbo/c“m

For a concentrated array of the pinning centers, the above

equation hecomes (Kramer 1973, Ullmaier 1975)
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fP 1

u = ee—

0 Lp 2cg -

(2. 19)

Because of the strong coupling of vortex 1lines to
each other, their displacements due to the pinning force are
also very small in the line pinning case except in the field
reqgions very close to Bcl and ch where the shear modulus
Ceo is very small.



Pigure 2.1

16

The FLL elastic constants for a NbTa alloy with

o
To= 7.1 K, K= 3.4 at T = 4.2°K (Ullmaier 1975).
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Piqure 2.2 The PFLL elastic constants for pure niobium with

H. .= 2.71 KOe at T = 4.2°k (Anjaneyulu 1977).

c



Cn,C44(2x |o5).Css(|oﬁ)(dynes/cmz)—-

3.5

3.0 3

n
o

1.0

J + T

Elastic Constants of QFLL
Temperature = 4.2K
Annealed Nb

19



Piqure 2.3

20

The maximum displacement of the flux lines,
s(0), relative to the PLL constant, d, vs. the

reduced field b=B/B., for a maximum pinning

.force exerted by a normal inclusion of volune 35

vhere ¥ is the coherence length and K is the
Ginzburg~Landau parameter (Schaucker and Brandt

1977)
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2.4 Plux Line Lattice Defects.

Labusch (1966) first predicted the existence of
dislocations in the FLL and, shortly afterward, Essman and
Trauble {1967) developed a technique which enabled them to
observe the PLL directly at low vortex deasity. They found
dislocations with various other defects such as vacanacies,
interstitials, stacking faults, and grain boundaries 1in the
FPLL (Fige. 2.4). Bven though the existence of various defects
in the PLL is a generally accepted fact, how these defects are
created and how they affact the superconducting properties are
not well understood at the present tipe.

The line defects like vacancies and interstitials are
observed in a very narrov range of low vortex deasities. In
their measurements on Pbh-6.3% In, Trauble and BEssman found
line defects for the field between 30 gauss and 60 dgauss.
When the field 1is below 30 gauss, the vortex lattice beconmes
fluid like and ceases to form a lattice and, when the field is
above 60 qauss, the density of line defects decreases rapidly
to one 1line defect to every 10,000 vortex lines. However,
this is still orders of magnitude too high for those defects
to be in thermal equilibrium. It was suggested that the
pinning centers may determine the concentration of 1line
defects (Hill et al. 1969) or that these 1line defects are
produced during the formation of the FLL (Ullmaier 197S).

Nevertheless, the 1influence of the 1line defects on the
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macroscopic behavior of the FLL is thouqht to be very small
except uheﬁ the field is very close to H,; (Brandt 1969).

Dislocations, in contrast +to the 1line defects, are
high in demsity and could play a substantial role im £flux
pinning. It is generally believed that the vortex deasity
gradient is accomplished by the introduction of edge
dislocation lines (Essman and Trauble 1969). There are also
some strong indications that the dislocations can affect the
volume pinning force in sgme cases. Campbell and Evetts
{1972) found that the critical current in some superconductors
varied by a <factor of three or more depending on the way in
vhich FLL dislocations were introduced into the FLL. Chang et
al. (1969) first pointed out the similarity between the
stress-strain curve in mechanical tests and the f£lux flow
voltage-current characteristics. They suggested <that the
critical traansport current should be described entirely in
terms of the pinning of the FLL dislocations. Campbell and
Evetts arqued aqgainst this idea on the grouads that the
dislocations created by the vortex density gradient have their
glide plane parallel to the transport current and experience
no force alonqg the glide planes. Therefore, the presence of
these dislocations should not affect the outconme. Howaver,
the dislocations with their glide plane pe:pendicﬁlar to the
transport current may affect the outcome even if they are
lower in density than those responsible for the vortex density

gradient (chapter 4).
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Grain boundaries were also found in the PLL but there

are no£ enough experimental results to outline their effect on
pinning. At the present tinme, there is no clear
understanding of the effect of the FLL defects on the pinning

in general reqgardless of their type.
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Figure 2.4 The eléctron micrographs of the flux line lattice
in lead=indium (Trauble and Essmann 1968).
B= 70 qauss, K= 2, T = 1.2 K.
(a) Dislocations in the FLL.
(b) Bdge dislocation.
(c) Extended dislocation (stacking fault).

{d) Grain boundary.



-

. .
» .2 o
=\ TN
AT ANy,




27

A
2\

" " AT XY 4
g ol

4y
s';h't l

iy
)
s

[

3 ,....»-....ﬁ oo e 28
5 e v& b Ry A
- TR % SO LA AR g
SRR CH. B
TS AL il R

(d)



Chapter III

REVIEW AND CRITIQUE OF CURRENT FLUX PINNING THEORIES

A complete magnetic flux pianing theory requires an
understanding of the elementary pinning force fP » the
maximum interaction force between a pianning center
{crystalline defect) and the FLL, and of the proper
sunmation of these 1local forces into the volume pinning

force FV.

3.1 Pinning Mechanisuns.

Local changes of superconducting properties such as
electron density of states, electron~-phonon interaction and
electron mean-free-path, etc. due to inhomogeneities 1in a
type II superconductor im the wmixed state result in the
position dependence of the free energy of the flux line
lattice. There are several different pinning mechanisms
and, for a given defect structure, estimates of the relative
importance of these machanisms can be made. For such
estimates, it is practical to divide the £field between He )
and Heo into two reqions. In the low field region, the

vortex lines are treated individually and the free energy of



29
a vortex line is split into contributions from the vortex
core and from the surrounding magnetic field and current.
In the high field region, the FLL is described by the
Ginzburg-Landau theory with approximation methods utilized
when the normalized Ginzburqg-Landau order parameter, + e 1s
snmall.
a) Core Interaction: At the center of a guantized
flux 1line, the order parameter is 2zero and this adds a.
positive contribution to the free energy of the £lux line
(condeasation enerqgy). If the material has some region in
which the order parameter is already zero or reduced from
its value in the matrix, the flux lines tend to pass through
this region to keep the free energy increase at a minimum.
b) Méqnetic interaction: The free enerqgy of a vortex
line is the sum of the magpnetic field enerqgy and the kinetic
enerqgy of the vortex current in addition to the condemsation
enerqy. The presence of inhomogeneities causes 1local
changes in the magnetic field and current densities to
occur, affecting the field and current distributions of the
vortex lines. Thus, the shape of the field and current
distribution of a flux line changes as it moves through an
inhomogeneous superconductor and so does the free enerqgy.
c) PRlastic interaction: The specific volume and the
elastic compliance of a metal in the normal state is
slightly smaller than in the superconducting state and this

difference gives rise to a stress around a guantized flux
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line. . If a stress field already exists in the
superconductor, the stress field due to the FLL couples with

it and rcesults in a position dependent total free energy.

3.2 Summation Rules and Threshold Criterion.

The volume pinning force Fy is the combined force of a
large mumber of individual interaction forces between the
pinning ceaters and the FLL. If fur) dF is the number of
the interactions per unit volume with forces between P and

F+dFP, the volume pinning force Py, can be vritten as

p
F = F (F) 4F .
v g f,

P
(3. 1)

The elementary pinring force fF is the maxioum force a
pinning center of a given type can exert on a flux line. A
straight forward evaluation is possible for two 1limiting
cases:

a) If the FLL as well as the crystal lattice is
conpletely rigid and there is a sufficiently large number of
statistically distributed pinning centers, Fy would be zero.

b) If the FLL is completely soft so that every
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pinning center contributes its maximum force fP’ or if the
elementary pinning forces are so strong that the vortex
lines move and arrange themselves such that each pinning
center contributes its maximum force, the volume pinning

force is a simple sur of the elementary pinning forces fP.

F =-N £ direct supmation rule,

(3.2)

wvhere N, is the demsity of the pinning centers.

In the general case, however, the summation is a
guite difficult problem. Let's consider the one
dimensional case for its simplicity. In a one dimensional
model, a pinning center can be characterized by a potential
well U(x) and the corresponding pinning force F (Lovell

1972)

du (x)

dx .
(3.3)

P will displace vortex lines by u(x) which causes an elastic
counter force -C'u due to the interaction of the flux lines

with each other.

dU (x)

cru{x ) =
0 dx x°+u(x°) ’
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or
‘A0 (x) d U(x)
Clufxg) = ——| + u (%)
dx X, dx fo -
Thus,
ada (x)
dx X
0
a(x ) =
0 a*u (x)
c'—
dx?® X .
o (3.4)

Since the well potential U(x) can be assumed to be an even
function, the distortion of flux lines u(x) should be an odd
function if de/dxz < C'" for all x and the net force is
Zeroe Thus, the condition dzll/’dx:z = C' represents a
threshold criterion pelou which the pinning center results
in zero net pinning force on the PLL.

Oon the other hand, when dzU/dfz > C', then there
exists a point beyond which the vortex lines move abruptly
until the pinning force P becomes equal to ~C'u again
because P increases more rapidly with respect to x than the
elastic counter force -C'u in this case (Fig. 3.1). On the
front side of the potential well, the unstable motion starts
before F reaches fP and stops after passing the maximun
which makes the effective maximum force £, smaller than fF'
Hovwever, this instability does not occur until P reaches fP

on the rear side of the potential well. Due to this
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asymmetry, the volume pinning force F 1is not 2zero in this
case. The exact form of P(F) will depend on the details of
the potential well of the pinning center but may be assumed
to be coastaat for -fo < F < EP and zero otherwise. If the
FLL is displaced by a disténce dxo, each flux line will
coﬁtact vay dxo nevw pinning centers per unit length where
¥, is the pinning center density and Ly 1s their effective
length in the direction perpendicular to the flux lines and

the driving force (Ullmaier 1975). Since there are 8/4%

flux lines per unit area,

B

(F) dF = —/— N 1 dx
f, 45 v Yy 0.

The displacement dxo is equivalent to a £force change

dP=C'du%C'dxo. Therefore,

B N,, L
L = —
B N -L R
(3.5)
Prom Eq. 3.1,
£
B Nv EY P

F = F 4¥
v 4% ce -fe
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{(3.6)

2 2z
Hhen 4 O/dx >> C', f¢ is small compared to fP and the volume
pinning force is approximately guadratically proportional to

the elementary pinning force.

B NyL, 2
P = . £ FLL instability model
v 4% Cc P . (Labuscht!s quadratic
sunmation model)

(3.7)

P decreases as the rigidity of the PLL increases and it
does not depend on whether the interactioa is attractive or

repulsive (Labusch 1969%9a).
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The £free enerqy U and the interaction force

F=-dU (x)/dx of a flux line with an elastic

constant C*¢ (dotted line) passing through a

pinning center.

{a) %hen dzU(x)/dxz is always smaller than C°,
the flux lines are stable for the whole
pinning ranqe.

(b) When the maximums value of dzU(x)/dfzexceeds
C!', the instability occurs on both sides of
the potential well but the pinning force
never reaches the maximum value EP on one

side of the pinning center.
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3.3 Some Experimental Results and Their Interpretations.

There have been a considerable number of experiments
and efforts to correlate the measured volume pinning forces
with the present flux pinning theories. However, it seens
clear, at present, that neither the direct summation mnodel
nor the PLL instability model canr explain the experimental
results satisfactorily.

If we define a specific volume pinning force Q as the

volume pinning force per pinning center (Kramer 1978)

(3.8)

the relation between (Q and fP is Q = fP for the direct
sunmation model and Q o f; for the PLL instability model.
However, the curve on which the experimental data points
fall lies betvween the two summation model lines (Fig. 3.2).
In the high elementary pinning force region, the
experimental data run parallel to the direct summation line
but the Q value is about one order of magnitude smaller than
the elementary pinning force f? - AS EF decreases, the
slope of a curve through the data becomes steeper until the
curve runs nearly parallel to the PLL instability nmodel
prediction, The wmore perplexing fact 1is that pinning

centers whose elementary pinning force is 1lower by up to
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four orders of magnitude than the pinning threshold
predicted by the FLL instability model still give rise to a
strong volume pinning force. Pietz and Webb (1969)
suggested that a number of pinning centers may act together
as a super pinning center. Hovwever, to explain the low
threshold, the super pinning center should include up to 10
ﬁinninq centers which is too large a cluster to be
considered as a point pinning center. Also, the fact that
the specific volume pinning force is nearly independent of
the pinning center density make this suggestion hard to
accept.

Experimental measurements of the volume pinning
force as a function of the magnetic field in proton or
neutron irradiated superconductors show a small sharp peak
just belov H., at low irradiation fluences. The height of
the peak increases and shifts to lover fields while becoming
muczh broader as the fluence increases {Sec. 5.3). If a
synchronization of the flux line distance and the pinning
center spacing occurs, all the pinning centers can act
cooperatively and produce a bulk pinning force much larger
than in the general case vhere the lattice must be distorted
in order to produce a non-zero volume pinning force. Such
effects have been observed experimentally (Fig. 3.3) but do
not represent the situation describhed above. It is
suspected that PLL softening because c¢,.,-»0 at fields close

66
to ch night cause the peak effect. But if this is the
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case, the FLL instability model would predict that the peak
effect should occur at a field closer to H., than observed.

Some samples which display the peak effect also
display a volume pinning €force which is dependent on the
maqnetic field history (Kupfer and Gey 1977). At a fieid
below the peak, the volume pinning forces of these samnples
are hiqher when they are brought up to a given applied field
from below Hcl (cycled state) than vhen they are brought
down to the same applied field from above H., (non-cycled
state) . See Fig. 3.4. It has been proposed that the FLL
defects might be the cause of this cycling effect. The
elastic constants of the PLL are affected by the FLL
defects, and the type or deasity of the FLL defects might

depznd on the magnetic field history (Kupfer and Gey 1977).



40

Figqure 3.2 The specific pinning force Q vs. the elementary

pinning force for defects in Nb at b=.55 at

T=Q.2°K {Kramer 1978).

P> & OO

Dislocation loops.

Vvoids produced by neutron irradiation at
high temperature.

Voids produced by Nit bombardment at high
temperature.

T.arqe Nb N precipitates in Nb,

Dislocation loopg§ produced by proton
irradiation at room temperature (An-<aneyulu
and Rollins 1979).
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Fiqure 3.3 The voluume pinning force as a function of flux
density B in NbTi containing an ordered array of
alpha-precipitates. The pinning center spacing
ma tches multiples of the flux 1line distance

({Hillmann and Hauck 1972).
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(a)
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Three different ways to reach the sane
temperature and applied field: (i) the "“non-
cycled" state (nc) reached by reducing the
applied field from above ch(T) at constant
temperature; {ii) the "cycled" state (c)
reached by increasing the applied field from
zero at constant temperature; (iii) the
"heated" state (h) reached by cooling the
sample from above the critical temperatura
at constant applied field.

Measurements of reduced volume pinning force

mox

B, /Py vs. reduced magnetic field b=B/Bgg

for several samples (Kupfer and Gey 1977),

non-cycled state (nc)
—-=—== cycled state (c)

— -« —~ heated state (h)



Heo(0)

nc

v

" (a)

45



od- Nb 45ateh Ti
! R ak87X m'%
[y o

a- NbtdateTi
man dyn
R 4206 % 107 SIS
od-
Pt ros— 0‘1 ..L..-.o\‘ _l_..o\‘..- .

a3

a2

Ma25at’% Re

R skssxiat 910

- Nb33atsTad
. F™ e536%10° %}’"5‘,
L
L. 1 { « } ' .
Q2 as 0.6
it IenliU il Sabl AP . At
\
L —
A

Nb &6 atZe Ti

meg aa? 3y
Fy @ «157%10! =

46

as ]
e
1
4
d
N

o8 o
vn——T
b = B/Bc?.



Chapter 1V

EXPERIMENTAL TECHNIQUES EMPLOYED

The sample preparation procedure and the
experimental methods used in the proton bombardment and the
field profile measurements are virtually identical with

those described by Anjaneyulu (1977).

4.1 Sample Preparation.

The sanples were prepared from zone-refined (MARZ
grade) niobium rods (6.3 mm diameter) purchased from
Materials Research Corporation, The niobium rods wvere
chemically etched in a solution consisting 3 parts HN03 (70
% concentration) and 2 parts HF (48 % concentration) for
about ¢two minutes to remove their possibly contaminated
surfaces and then swaged into rods with a diameter of 4.8
nm. Samples 4 cm long were cut from the swaged rods with a
carborundum saw, and a 1.5 mm. diameter blind hole was
drilled along the center of each sample for water
circulation during the proton bombardment. A 0.75 mm hole
was drilled at the open end of each sample for hanging in an

induction furnace during annealing. The drilled sanmnples
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were cleaned in acetone and the both outer and inner
surfaces were éhemically etched A in the acid solution
described above for about two minutes to remove the strained
and contaminated surface. They were washed immediately
aftervard in distilled water and methyl alcohol. The
chemical etching produced rough, pitted surfaces due to the
strain produced by the swaging. These samples were again
polished mechanically using 320, 400, and 600 grade enmery
paper and finally with L15 grade crocus cloth until smooth,
shiny surfaces were cbtained.

After being thoroughly washed, the samples were hung
one at a time in the work coil of a vacuum induction furnace
by the hanging hole. The vacuum chamber was pumped at
least 6 hours until the pressure reached 2x167 torr before
the annealing started. The samples were initially annealed
at a temperature between 1800°C and 1920°C (as meésured by
an optical pyrometer) to remove the material strain which
miqht cause preferential evaporation. The temperature wvas
then raised to within 30°~80°C of the melting point and the
sample was annealed for at least 12_hours. The temperaturce
was raised in one step to nminimize the absorption of gas by
the sample at intermediate temperatures. The pressure in
the vacuum chamber at the end of annealing was 2~3.7 x 16
torr. After énnealinq, the samples were left to cool in
the chamber for at least 6 hours at a vacuum less than 1x{6

torr. The resitivity ratios of some of the annealed
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samples were measured. The resistivity ratio measurement
reintroduced some strain and therefore these sanmples were
reannealed. The samples lost about 15 % of their weight
during the process of etchinq, polishing and annealing.
Immediately after the finai annealing, each sample was
epoxied to a 1 cm long copper base at its open end and they
were aftervard handled only by the copper base. The

annealed samples were always kept in a desiccator.

4.2 BResistivity Ratio.

The electrical resistivity of most metals at roon
temperature 1is dominated by collisions of the conduction
electrons with lattice phonons and 1is not affected by
impurity atoms or crystalline defects (Kittel 1971).
However, the resistivity at liquid helium tenmperature
{residual resistivity) is mostly caused by the scattering of
the electrons by impurity atoms and crystalline defects.
The ratio of the resistivity of a specimen at room
temperature to the resistivity at liguid helium temperature
reveals the imperfections of the metal.

The resistivity measurements of the amnealed niobium
sanples were wmade using a standard four leads technigue.

Copper c¢lamps at each end of the sample served as the
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current leads and two point contacts serving as voltage
leads were made by tuo copper nails pressed by springs. A
current of 1~ 7 ampere was supplied by a coanstaat current
generator and measured through a 0.1 ohm Leeds and Northrup
standard resistor in series with the sample and the voltage
across the voltage leads vwere measured with a Keithley 148
Nano-voltmeter. The voltage and current measurements were
made for both polarities of the current to minimize thermal
enf effects. The room temperature resistances were
nmeasured at the ambient room temperature and 4.2° K
resistance measurements were done by immersing the samples
in liquid helium and applying a maqnetic field of 7 KOe to
place the samples in the normal state. The resistivity
ratios of the samples at the room temperature to that at the
liquid helium temperature were found to bhe 1400 ~ 7900 which

indicate very clean samples (DeSorbo 1963).

4.3 proton Irradiation.

The annealed samples were irradiated with 1 Mev and
3.2 Mev protons supplied by the 11 Mev Tandem van de Graaf
accelerator at Ohio University.

The radiation damage station used to irradiate the

samples with protons at room temperature is shown in Fig.
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4.1, The radiation chamber (4), which was machined from an
aluminium block, was connected to the 2" beam line (6) of
the accerelator. An aperture 12.3 mm in diameter (5) and a
1 mm by 3 mm rectanqular slit {2) were used to collimate the
beam onto the  -sample. - The aperture and slit were
constructed from 1.5 oo thick aluminium sheet. The samnple
(1) was soft soldered to a 10 mil thick, 6.3 wmm diameter
stainless steel tube (8) by its copper base and a capillary
(9) was inserted down to the tip of the sample through the
tube.  Distilled and deionized water chilled with ice was
pumped to the sample through the capillary to keep the
sample at roonm temperature during the proton bombardment.
The slit was also cooled by the water circulation.

With the sample pulled out of the way, the proton
beam was <c¢ollimated and tuned ¢to obtain the required bean
current on the beam stop (3). The sample was then lowered
in the ©path of the proton beam so that the beam hit the
sample surface perpendicularly. The stainless steel tube
with the sample was driven by tvo motors. One nmotor
rotated the sample at the rate of one revolution per second
and the other motor moved the sample along the axis 2.5 cm
per 24 minutes using a threaded rod arrangement. The
radiation chamber was electrically grounded and the
electrical impedance between the sample and the gqround was
about 20 megohm. #ith the 3.2 Mev proton beam, the current

measured on the sample was larger by about 16 % than that
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measured on the beam stop with the sample pulled out. It is
thought that the secondary electrons ejected f£rom the sample
were responsible for the difference, and 84 % of the
measured total fluences were considered the real fluences.
The apparent beam currents were kept between 3.1 microampere
and 3.6 microampere on the samples which represent 2.6

microampere to 3.0 wicroampere of the real proton current.



Figure 4.1

The radiation damagqge station.

{1) sample, (2) slit, {3) beam stop

{4) radiation chanmber, {5) aperture,

(6) proton beam line,

{(7) dynawmic vacuum seal,

{8) stainless steel tube, (9) capillary,
(10) linear bearing,

(11) motor (sample rotation),

(12) motor (vertical motion of the sample).
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4.4 Magnetic Field Profile.

The volume pinning force may be calculated from the
critical current J, or from the gqradient in the flux line
density (Chap. 2). The critical current density can be
measured by passing a current through a sample in a
transverse maqgnetic field. The current is increased until
a certain specified voltage (usually 1 microvolt) is
detected across the sanmple. This method assumes that the
current is distributed uniformly and is useful for samples
in the form of wire or thin foil.

Rollins et al. (1974) developed an ac method capable
of obtaining the magnetic field profile in a bulk specimen.
This wmethod makes it possible to study non-homogeneous
pinning near the samrle surface.

Since a pinning force produces a gradient in the
density of flux 1lines, an oscillatory external magnetic
field can penetrate only a certain depth into a type II
superconductor which has a pinning force. The <critical

gradient in B(x) is given bhy eq. 2.8

daB 4T U

dx B v
(4.1)

vhere we have indicated that F,, may depend on B and position

X. The plus or minus sign in Eq. 4.1 is determined by
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whether the flux lines at that point tend to move out of or
into the sample. The critical state model assumes that
P, (B,T,X) exists for a given sample and, therefore, Eq. 4.1,
together with an appropriate boundary condition determines
B(x) throuqhout the sample. The boundary condition used
puts B at the surface equal to BeéH'T) wvhere H is the
applied field.

Rollins et. al. (1974) considered the situation
vhere a small ac field hoq(t) of amplitude h, is
superinposed on a larqe dc field Hdc applied parallel to a
cylindrical sample. Then,at the sample surface, B will

oscillate about Baw=quﬁﬁdg’ with anmplitude bd=/u€%ho .

Furthermore, if b,<< %lu then Eq. 4.1 simplifies
considerably

as 4 Mpdg

dx Bau -

Fig. 4.2 shows the field profiles which result near the
surface of a sample where it 1is assumed Fy, is larger near
the surface than in the bulk. The rate of changeof flux,
d¢(t)/dt. in the sample due to the change in B at the

surface (dB(t)/dt}s is
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aP{t) dB (t) R
= 2Tt dro
at dt s

R-x (t)
(4. 2)
where x (t) is the depth to which the ac field has penetrated
at time t. Since (dB/dt)séyg ho(dq/dt), BEg. 4.2 can be

rTewritten' as

a¢(u : 2 . 2] £y dq (t)
—— 2 fR ~ <{B=X > T —
at /uéé de o at |,

(4.3)

where ,“eg-"'dae%_/d“' and B‘”'Z'(m is the reversible B-H
relation for the pure material. If the frequency is very
low so that the normal skin depth is much la;qer than the
characteristic size of the sample, the change in flux
through the sample while in the normal state during the same

time interval is given by

d $ (t) 2 dq(t)
—2 ___ - TR h
at 0 at .
(4.4)
Thus,
Z {t) : [ a ) zdt 1,2
- b 1 b
R /"ecg“dc’ [d(})m(t)/dt]].
(4. 5)

The internal field B({x) at x(t) during the increasing Eield
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half of the ac cycle is given by

1
Bx(E)] = (B~ Be) = = flylige) By [9(6) + 1]

(4. 6)

and during the decreasing field half of the ac cycle is

given by

1
B{x(t)] - (Bau+ ba) =-—;— /i%éﬂdo) ho {g(ty - 1]
(4.7)

where Bav=31%(ado) and bd=F2%ho . A plot of
0.5 ,uléadc’ ho[q(t)ﬂ] vs. x(t) /R with time t as a parameter
gives the field profile during the increasing field half
cycle and a plot of 0.5 /u%(“dc) ho[q(t)-u vs. X(t)/R gives
the field profile for the decreasing half cycle. The field
profiles cover the depth from the surface of the sample to
(b ).

Xamax' %o
A block diagram of the electronic circuitry used is

the maximum penetration depth,

shown in Figq. 4.3. A Westinghouse enrd-compensated
superconducting magnet provided the dc field and it was put
in the persistent mode whenever the measurements were made.
A 1.83 cm in diameter and 9.4 cm long solenoid provided the
ac field with amplitude from 1 Oe to 160 OQe. The solenoid
was made by winding 3492 turns of 0.0125" diameter copper

wire around a copper tube and then potting with epoxy.
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This small solenoid produced a peak magnetic field of 0.465
Oe per 1 nmilliampere of rms currente. A 2.3 Hz sinusoidal
signal from a Wavetek siqgnal generator was integrated to
ninimize distortion and connected to a power anplifier
before being fed into the small solenoid which served as a
priary coil. R 0.5 ohm resistor was connected in series
with the primary coil and 0.76 millivolts across the
resistor corresponded with an ac field amplitude of 1 Oe.
The secondary coil of about 2.5 mm ir length was made by
winding and potting with epoxy about 1000 turns of #48
copper wire on a teflon tube which E£it snuggly around the
samples. The sample was inserted in the secondry coil and
clanped by its copper base so that the sample and the
secondary coil were positioned at the center of the primacy
coil.

The signal from the secondary coil containing the
sample was induced by flux changes not only in the sanmple
but also in the free space betveen the sample and the
secondary coil. The free space part of the signal could be
cancelled by superimposing a signal from the conmpensation
systen and further corrected by substracting from all other
wave forms the compensated wave £form measured with the
sample iR the Meissner state (Hdc=0). The compensated
system consisted of an identical set of primary and
secondary c&oils coaxially arranged. The pair were

connected in series and housed antiparallel with respect to
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each other in a half inch thick aluminium casing to minimize
the external interference. The primary coils of the system
and compensation system were also connected in series. The
signals from the secondary coils of the system and the
compensation system were sent into a PAR # 113 wide band
differential pre~-amplifier. Its output was connected into
an sscilloscope, a PAR Model # HR-8 Phase sensitive lock-in
amplifier (for the precision compensation), and also into a
Northern NS-S550 series digital memory oscilloscope in its
averaqing mode (Fig. 4.3). The compensated wave forms from
the pre-~amplifier were accumulated a few hundred times in
the memory oscilloscope +to inmprove the signal to noise
ratio. The improved wave form was fed for immediate
analysis into a programmable Hewlett-Packard 9821-A computer
coupled with a plotter. Approximately 200 equally spaced
data points were used to store a complete wave form.

The ac magnetic field and the compensation signal
vere adjusted when the sample was in the non-cycled HMeissner
state in 2zero dc field and was not changed throughout the
measurement, With Hdc=°' the compensated signal and the
uncomnpensated signal {representing the signal from the free
space hetween the sample and pick up coil) were acculated
400 times and 100 times respectively and stored. The
sanple was taken to the normal state by raising the dc field
to approximately 7.5 KOe which is well above HCS° The

compensated normal signal was accumlated 100 times and
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stored to be used as dqh/dt of Eg. 4.4, This normal wave
form was comnpared with the free space part wave form, and
the phase was shifted until the =zero crossing points
coincide with each other to minimize the normal skin effect.
The sample was then taken into the superconducting mixed
state from above ch and/or from bhelow HC1 and the 100 to
400 times accululated wave forms were stored to be used as
d¢/dt of Eq. 4.5. From the normal wave form and the
suparczonducting wave form, x/R and B(x) were calculated and
plotted. The q(t) was obtained by numerically inteqrating
d4%/dt and all data were stored on magnetic tapes for later
use. f‘ (B) was obtained from the dc magnetization
measurements made by C. Chen (Fig. 4.4) and calculated by
Anjaneyulu (Fig. #4.5). The magnetization system has been

described by Fearday in his Ph. D. thesis (1971).
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Pigqure 4.2 (a) F,, vs. distance from the sample surface.
{b) The corresponding magnetic £field profile at
various times during the ac cycle (Rollins

et. al. 1974)
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Pigqure 4.3

Block diagram of the electronic

for the field profile measurement.
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Fiqure 4.4 Magnetization curve of an annealed Nb sanmple

)
obtained at 4.2 X (Anjaneyulu 1977).
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Temperature = 4.2K
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Piqure 4.5 /gméB) obtained <from magnetization neasurements
for three different temperatures plotted as a

function of reduced field H/Hc (Anjaneyulu

2
1977 .
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4.5 Intermediate Temperature Heat Treatment.

One of the samples (#20) was annealed at several
successively higher temperatures of 135°c, 36M°C, 455°C and
579°C for approximately ome hour each in vacuum of abount

-6
10 torr. The field profiles were neasured after each:

annealing.

The copper base of the sample was etched away
chemically in a solution of sulfuric acid and nitric acid.
The sample was suspeided at both ends by a stainless steel
wire and placed in a glass tube. The tube was pumped with a
liquid-nitrogen-trapped oil diffusion-pump vacuum system for
more than 12 hours. With the pressure at about 166 torr
the qglass tube containg the sample was inserted in a
preheated oven. The temperature was measured with a
thermocouple inserted in the center hole of the sample and
it took about 20 minutes for the sample to reach the
annzaling temperature and to cool down to room teamperature

again once removed fron the oven.



Chapter V

EXPERIMENTAL RESULTS
5.1 Histories of Sanmples.

The samples #16 to #22 came from two different
niobium rods. A portion was cut from each rod before
swaging and these pieces were annealed following the sauple
preperation procedure (Sec. 4.17). The resistivity ratios
of these annealed pieces were neasured to be 1180 and 1330.
The niobium rods were swaged and made into samples. A
samnple annealed at 2oa5°g1o°c had a trace of melting on its
surface. Since the melting point of Nb is 2u80°;10° C, the
actual annealing temperature should be considered about 380°
;10°c above the optical pyrometer readinge. The difference
came from the absorption of the glass wall of the vacuunm
chamber of the induction furmace and a correction due to the
ernissivity of Nb. The sample #16 (table 5.1) and #18
{table 5.2) were irradiated in three successive steps and
the other samples (table 5.3) vwere irradiated once with 3.2
Mev protons. The resistivity ratios of the samples
{except sample #20) vere measured after the anneal part 2
and reannealed aftecrward. In case of sample #20, +the
resistivity ratio was mneasured after the heat treatment

experiment (Sec. 5.5).
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The samples #23, #26, #27, #29 and #12, #13 were
irradiated with 1.0 Mev protons. These samples, except #12
and #13 (table 5.4), were believed to have resistivity
ratios similar to those of the previous samples. The
samples #12 and #13 (table 5.5) came from the first niobium
rod which was not etched before swaging but just cleaned in
acetone. In this case, surface contamination might not have
been removed or perhaps this rod was contaminated as
purchased. In any case, the resistivity ratios of the
samples from this rod never reached more than about one
hundred. These two samples were included <for comparison
with the other samples.

The field profiles of some samples were measured
before the proton bombardment and showed no detectable flux
pinning force. The initial volume pinning force may vary
from sample to sample but it is very small and it is assumed
that the pinaning force after the proton bombardment comes

entirely from the defects produced by the incident protons.
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Table 5.1 History of the sample #16.
The empty space represents the steps skipped and
the temperatures are the optical pyromerter
readings with an uncertainty of :10°c (add 380°

310°C to find the actual annealing temperature).
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Table 5.2 History of the sample #18.
The temperatures are the optical pyrometer
readings with an uncertainty of ;10°c (add 380°

o
*10 € to find the actual annealinqg temperature).
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Table 5.3
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Histories of the samples #17, #20, #21 and #22.
The resistivity ratio of sample #20 was measured
after the annealing experiments (Sec. 5.6).

The annealing temperature was not measured but
should be similar to the others.

The empty space represents the steps skipped and
the temperatures are the optical pyrometer
readings with an uncertainty of ;10°c (add 380°

:10°C to find the actual annealing temperature).
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Table 5.4
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Histories of samples #23, #26, #27 and #29.

The temperature was not measured but should be
similar to the others.

The eméty Space represents the steps skipped and
the temperatures are the optical pyrometer
readings with an uncertainty of £10° (add 380

£10°% to find the actual annealing temperature).
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Table 5.5
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Histories of samples #12 and #13.
The temperatures are the optical pyrometer
readings with an uncertainty of £10°C (add 380

£10°% to find the actual annealing temperature).
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$.2 Field Profiles.

The wave forms obtained at dc fields above H.q are
purely sinusoidal. However, as soon as the dc field was
lovered below H., , the wave forms of the proton irradiated
samples showed a drastic reduction in amplitude and a change
in shape {Fig. 65.1). Since the damage produced by the
protons was confined to the region close to the surface
(within the depth of 50 microns in the case of 3.2 \lev
protons), the magnetic field experienced no pinning force
heyond this surface region. The wave forms were very small
when the ac field was not large enough to penetrate beyond
this surface pinning reqion but as soon as the ac field
exceeded this barrier, the wave Fform suddenly became large.
The zZero crossing points of the wave forms did not exactly
coincide. The large amplitude wave forms which represent
the deep penetration of the ac magnetic field into the
sample tend to have phase lags. This was believed to be
the effect of the flux flow and the data points close to the
Zero crossing points were excluded.

The field profiles obtained from these wave forms
shows the actual position dependence of the magnetic field
inside the samples (Pig. 5.2). Several different ac field
anplitudes were used for a complete field profile to improve
the quality of the graphs and they égreed vell in most cases

{(Fig. S.3). The profiles of the decreasing portions of the
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ac fields (dots in Fig. 5.2 and Fiq. 5.3) and the increasing
portions agreed very well except when the amplitude of the
ac field was too large. Some of the samples displayed a
cyclinq effect and time dependent behavior at dc fields much
lower than H _,. These effects will be discussed in section

S5.6.



Figqure 5.1

The wave forms at different dc fields.

Sample #18 after the 3rd irradiation. The
field amplitude is 6 Oe.

— Hy.= 7.5 KOe ([(in the normal state).
===  Hy.= 2.69 KOe,_

- Hdc= 2. 60 KOe.

—_—— Hdc.= 2.48 KOe.
The superconduct ing state wave focnms

enlarqged ten times.
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Pigure 5.2

The field profiles at different dc fields.

Sample #18 after the 3rd irradiation.

field amplitude is 6 Oe
5. 1)-
A Hdca 2.69 KQe
X Hd°= 2.60 KOe
Z H‘1 = 2,48 KQe
c

(wvave

forms of
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Pigure 5.3
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Pield profiles with different ac field
amplitudes.

Sample #18 after 3rd irradiation at ,Hdcf 2.6
KOe.

X with 2,5 Oe ac field.

A with 6.0 Oe ac field.

Z with 10 Oe ac field.
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S«3 Measurements of Total Pinned Magnetic Field

and Volume Pinning Force.

Unfortunately, the phase shifts of the normal wave
forns due ¢to the normal skin effect and of the
superconducting state vave forms fdue to the flux flow effect
were not always easy to determine unambiguously. The slope
of the field profile needed in the calculation of the volume
pinning force depends not only on the above mentioned phase
shift but also critically on the depth from the sanple
surface, and these effects made it rather difficult ¢to
determine accurately the volume pinning force as a function
of depth. However, the total amount of magmnetic field
pinned by the surface pinning region, By, was found to bhe
vquite insensitive to the above factors. Therefore, we have
chosen to use the +total pinned magnetic field, By when
comparing the pinning behavior of differeat samples. The
alignment of the samples during irradiation is such that the
proton beam strikes normal to the sample surface. Small
deviations in this alignment will cause deviations in the
damaqe profile and would lead to large errors when comparing
the volume pinning force measured at a particular depth in
different samnmples.

The total pinned magnetic field, By is related to

the total imnteqrated vclume pinning foxce using Eg. 2.8.



92

b 4 X
max dB e max
By = -_—dx = lﬁ—%- P dx
dx B v ¢
0 av 0

(5.1

where we have assumed By<< Bw-::- Be.%mdc_)' and xcqu is the
maximum depth to which radiation damage, and hence, flux
pinning occurs. for 3.2 Mev protoms, gmm;uso micron.
The results of the three successive irradiations of
sanple #18 and sample #16 are shown in figures 5.4 and 5.5.
These two samples displayed sharp peaks c¢lose to chf The
integrated volume pinning force at fields above the peak
seems to be little affected by the different proton fluence.
However, B4 is observed to increase rapidly at 1lower dc
fields as the fluence increases. Thus, increasing the
irradiation is found to decrease the dc field where the peak
occurs as well as redyce the sharpness of the peak. The
graph of sample #22 is similar to that of sanple #16 after
the second irradiation but the other samples displayed much
higher inteqrated pinning forces with no noticeable peak
effect (Fige. 5.6).
The samples irradiated with 1.0 Mev protons did not
show any conclusive trend except that samples #12 and #13
displayed very large pinning forces. In fact, an ac field
of 200 Oe or higher could penetrate a measureable depth only
wvhen the dc field was just below Hc and the increasing

Z
portions and the decreasinag portions of the field profiles
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were entirely dJdiffereat fronm each other. Hence, no
quantitative information could be obtained from these
samples (Fig. S5.7).

The volume pinning forces are calculated fronm the
slopes of the field profiles with an uncerctainty of up to 50
% or more in some cases. The samples irradiated with 1.0
Mev and some with 3.2 Mev showed a minor depth distribution
but most irradiated with 3.2 Mev shoved that the volume
pinning force is a c¢ritical function of the depth. For
those samples which showed a siqgnificant depth dependence,
the volume pinning force was calulated at two different
depths, The volume pinning force at the shallower depth
was alvays smaller than the one at the deeper depth and had

a sharp peak at a higher dc field (Fig. 5.8 and 5.9).



Pigqure 5.4 The total pinned magnetic field vs. the dc
field (He,: 2.715 + 0.005 KOe) .
Sample #18 (proton enerqgy: 3.2 Mev).

16 2
p 4 total fluence 2.071 x 10 p/cn
(after 1st irradiation).

16 2
A total fluence 4.20 x 10 p/cn
{after 2nd irradiation).

16 2
O total fluence 6.39 x 10 p/cno
(after 3rd irradiation).
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Figure 5.5 The total pinned magnetic field vs. the dc

field (ch: 2.715 + 0.005 Koe).

Sample #16 (proton energy: 3.2 Mev).

X

16 2
total fluence 4.07 x 10 p/cn
{after 1st irradiation).

18 2
total flueace 6.30 x 10 p/cn
(after 2nd irradiation).

16 - 2
total fluence 8.95 x 10 p/cn
{after 3rd irradiation).
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Fiqure 5.6 The total pinned magnetic field vs. the dc

field (ch: 2.715 ¢+ 0.005 KoOe).

X O d

A sample #22 (total fluencelZ. 32

Proton energy:

sample #17 (total fluenced.53
sanple #20 (total fluenceB.92

sample #21 (total fluencel.S58

3.2 Mev.

b 4

X

x

16 2
10 p/cm ).
16 2
10 p/cm ).
16 2
10 p/cm ).
16 2
10 p/cm ).
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Pigure 5.7 The total pinned magnetic field vs.

field (ch:
X sample
A sanple
Vv Ssanple
I0 sanmple

2.7

#23
#26
27
#29

Proton energy:

15 & 0.005 KOe).

{total fluence2.06
{total fluence2.11
{total fluencel.94
(total fluencel.86

1.0 Mev.

100

the dc

16 2
x 10 p/cm ).
16 2
x 10 p/cm ).
16 2
x 10 p/cn ).
16 2

x 10 p/Cm-).
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Figure 5.8 The volume pinning force vs. the dc field.
sample %17
X at the depth of 15 # 2.5 micron.

|} at the depth of 30 + 5 micron.
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Figure 5.9 The volume pinning force vs. the dc field.
sanmnple #22
K at the depth of 15 * 2.5 micron.

O at the depth of 30 ¢+ 5 micron.
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S.4 Proton Fluence Dependence of Total Pinned

Magnet ic Field.

An incident proton produces interstitial-vacancy
pairs in the npmaterial, which, at room temperature, migrate
to form interstitial type and vacancy type dislocation loops
(Sec. 5.95). Presumally, the impurities in the material act
as the nucleation cites for the dislocation loops and the
density of the dislocation loops is not expected to change
much as the fluence of protons increases. If the
recombination of &he interstitial-vacancy pairs is not
extensive, the number of defects produced by the irradiation
is rouqhly proportional to the proton f.l.uencé, @P « and so

is the total area of dislocation loops.

max max 2
@ o 'o(x.n) p d4dp ax,
P

0 0
(5.2)

where Xmax is the maximum penetration depth of the proton
into samples and‘f(x,D) is the density of the dislocation
loops of diameter D at the depth x from the sample surface.
Since the elementary pinninqg force fP is proportional to the
square of the dislocation loop diameter D {Kramer 197S5), the

fluence dependence of the total magnetic field pinned by all

these dislocation loops, Bt' can be derived in cases of the
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direct summation model and the FLL instability model under
the assumption that the dislocation loops produced by the
irradiation are the only pinrning centers.

1) Direct summation model.

From Egq. 2.7 and Eq. 3.2,

D
aB nax
—r— ol }D(x,D) £ (D) 4D
dx p
0
D
max 2
o< la(x,D) D 4ap,
0
and
X
max
ds
5 - Lo o< b
t. dx Pe

(5. 3)

2) Quadratic sunmmation model.

If the normalized size distribution of the

dislocation loops to their average size sav, is independent

from 4)?' then Eg. 5.2 bhecomes

X s
mnax max
(}3 oC S }O(x,s') s* dst dx ol s
p . av] av
0 0

{(S. 4)
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where s'= s/sau and using Eg. 2.7 and Eq. 3.6,

s
dB max 2
ol (x,s8) s ds
dx /D
0
Sl
2 max 2 2
o S lo(x.s') s' ds¢ o s
av av
0
and
X
max dB 2
B = —_— dx oC CF
t dx P

(5.5)

The actual graphs of the total pinned magnetic
field, Bt s VS. the proton £fluence 4% at the different dc
fields (Pig. 5.10 to FPig. 5.13) show the following results.
The most significant data are those obtained from a given
sample which was irradiated several times and measured after
each irradiation. The dashed lines are drawn through these
data in Fig. 5.10 to Fig. 5.13. For the dc field very close
to ch ¢ Bt was observed to be much less dependent on the
proton fluence than at lower dc field. Also, vwvwhen “dc is
near ch. the measured values of B{:we:e nearly the same for
samples which experienced quite different total fluences.
Hovever, Bt was observed to depend more strongly on fluence

as the dec field decreased helow the peak. In some cases
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n
Bt °‘<§p were n~3 and in nearly all cases n > 1. e
obsecrved no evidence for a saturation effect for fluences up
to 8x10'€’~protons/cmz - He were unable to gqo to higher

fluences since the small amplitude ac field approaximations
essential for the measurement method is no longer valid at
the larger amplitudes necessary to measure Bg> 100 Oe.

An explanation of the high fluence dependence at the
low field could be the existence of some threshold.
However, the threshold pinning force proposed by Labusch
(1969) is much higher than the elementary pinning force of
these dislocations {Anjaneyulu and Rollins 1979) and
therefore totally inappropriate (Sec. 3.2). If there
exists a lower threshold for some reason, it might explain

this stronqg fluence dependence (SeCe 642)..
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Fiqure 5.10 Total pinned magnetic field vs. the proton
fluence at 2.66 KOe dc field.
X sample #16
sample #17
sanple #18
sample #20

B Opb d

sanple #21
g sawmple #22
Solid 1lines represent linear and quadratic

sSlopese.



11

] 1 L] LRI ) L] L) LI B LR B 1] L] LU L . R L » L3 ]
[ £
o N
A
N
N
/A e e
A
o N\
et G tve N
P
o e N
\
\
A S
o
A
'lll‘lllll S
A Y
'I'clllll‘ N
N
e 'I/AI
~
N
1 L i L. i 1 1 1 i 12 1 b 1 2 9 1 1 rri s b 11 1 1 it
OU ao . —
Lt ™ ™~ ol mn I ™ ~ —_—in 1ot ™M ™~ - 3 Ot ™ (o] 0.

(ssnp9)ig

16
o) p/cma)

cbp“



Fiqure S.11

Total pinned magnetic field

fluence at 2.60 KDe dc field.

X

v
A
|
|
*x

Solid 1linmes

sample
sanple
sample
sample
sanple

sample

s lopes.

$16
217
#18
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represent linear
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Figure 5.12 Total pinned mnagnetic f£field vs. the proton
fluence at 2.48 KOe dc field.

X sanple #16

Vv  sample #17
A sample #18
[J sample ¥20
i sample #21
X sample #22

Solid 1lines represent 1linear aand gquadratic

slopes.
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Fiqure 5.13 Total pinned magnetic field vs. the proton
fluence at 2.30 KOe dc field.

sample #16

sanple #17

saople #18

samnple #20

sanple #21

sample #22

#ROD A X

Solid lines rtepresent linear and quadratic

slopes.
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5.5 The Dependence of Total Pinned Magnetic Field

on Subsequent Heat Treatment.

Sanple #20 vas annealed successively for
approximately one hour each at temperatures of 135°C, 365°C,
415°c and 579°cC. The results of By versus Iy  measured
after each anneal is showa Pig. 5. 14. The chahqe in the
pinning behavior by the annealing at 135°c was minimal but
annealing at a temperature of 365° C and above produced
markedly different volume pinning forces and their field
dependence. The changes at dc fields close to ch were
hardly noticeable while the volume pinning force was reduced
drastically at dc fields wmuch 1lower than Heo « These
results aqree with the general assertion that samples with
small volume pinning forces also exhibit a sharp peak effect
(Sec. 5.3).

Chang and Chen (1977) reported the annealing behavior
of dislocation loops‘in' pure niobium (Fig. 5.21). They
irradiated a thin sheet of moderately pure niobium
{commercial grade 99.85%) with fast neutrons of fluence of
8x1J?per cm at a temperature of ao°c. Afterwvard, they
annealed it successively at several different temperatures
from BSO?C to 1ood’c for about one hour each in a vacuum of
about 167 torr. The defects present were studied using

transmission electron microscopy at each stage. They £found

two types of defects after irradiation. The defects found
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were vacancy type dislocation loops of diameter around 45 X
and interstitial type dislocation loops of diameter from 160
: to 600 %. The large interstitial type loops consisted of
several clusters which transformed ianto a single dislocation
loop upon subsequent annealing. They also reported the
interstitial type loops were found only in the interior of
the gqrains while the vacancy type loops were distributed
uniformly. According to the report, the principle change
made by annealing at 350°c, was an approximately 45 %
decrease in the density of the small vacancy type
dislocation loops. Tn contrast, the annealinqg at uao°c and
SS&’C changed the overall dislocation deasity little but the
size of the large loops decreased while the small loops
increased in size which made the two kinds of dislocation
loops indistinguishable.

The sharp decrease of the volume pinning force at low -
dc field by the annealings at QSSOC and 57J’C, compared with
the report by Chang and Chen, seens to suggest that the
large dislocation 1loops are responsible for the volunme
pinning force at the low field and the role of the small
loops is not significant. However, at fields close to Hepo
almost all sizes of dislocation loops contribute to the
volume pinning force. This suggests that there may be a
pinning threshold which decreases faster than the elementary
pinning force as the field approaches H., so that the

elementary pinning forces of the small loops are above the
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threshold at hiqh maqgnefic field but fall below the

threshold at low field.
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Figure 5.14 Total pinned magnetic field vs. the dc field
(samnple #20).
¥, Troom temperature
M one hour at 135 C
one more hour at 365 C

A
Y ©ne more hour at 415 C
O

one more hour at 579 C
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Figqure 5.15 The size distribution of the defect cluster in
pure Nb as a function of the annealing

temperature (Chang and Chen 1977).
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5.6 Time Dependence of Total Pianned Magnetic Field

and Cycling Effects.

Perhaps the most significant new finding in these
experiments is the observation of a time dependent behavior
of the volume pinning force at low magnetic fields. a
small cycling effect and a slight decrease of the total
pinned magnetic field, Bt’ over a few minutes are observed
at low dc fields in most of the samples but the size of the
effect was usually less than 5 %. However, sample #16 after
the 3rd irradiation showed much more evident time dependent
and cycling effects. . Immediately after the field was
brought down to 1.88 KOe from above ch , @ clear 30 %
reduction in By during the first ten minutes was observed
vhen a 40 Oe ac field was used (Fig. 5.16). This sanmnple
also displayed a large cycling effect (Fig. 5.16 and S.17).
llowaver, when a §0 Oe ac field was used, the decrease of Bg
with time and the c¢ycling effects were less profound than
those observed using a 40 Oe ac field (Fige 5.17). Only
small effects were observed when a 90 Oe ac field was used.
Since it is unthinkable that the crystalline defects
themselves changed their structure at liquid helium
temperature, the dependence of the FLL structure on time aﬂd
field history might te resposible for the time dependent and
cycling effects (Kupfer and Gey 1977). There is a

temptation to suspect that this decrease in the volume
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pinaing force uwith time is a universal phenomenon but that
the time constants are too short or too long in most cases
to be observed readily since it takes several nminutes to

complete one field profile measuremnent.



Pigure 5.16

127

The time dependent behavior of the volume
pinning force. The field profiles of sample
#16 after the 3rd irradiation. H, = 1.88 KOe

de
with a 40 Qe ac field.

Non-cycled state (the magnetic field was
brought down from above ch).

® 1 nminute later.

A 10 minutes later.

X 20 minutes later.
Cycled state (the magnetic field was brought up
from below Heyde

X 1 minute later.

A 10 minutes later.

X 20 minutes later.
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Figure 5.17 The time dependent behavior of the volunme
pinning force. The field profiles of sanple
#16 after the 3rd irradiation. Hd°= 1.88 KOe

with a 60 Oe ac field.

Non-cycled state.

B 1 ninute later.
A 10 minutes later.
Cycled state.

X 1 uwminute later.

A 10 minutes later.
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5.7 Summary.

The following is a brief summary of the general
experimental results vwhich are not adequately explained by
current theories.

1) A peak was observed in most sanples in the volume pinning
force near ch. When the overall pinning force is small,
the peak is sharp and occurs at a field -just below Heae As
the overall pinning force increases, the peak moves to a
lower field and its sharpness decreases.

2) The volume pinning force increases faster than
quadratically with the proton fluence at fields below the
peak but the increase is much slower at fields above the
peak.

3) Some sanmples display the cycling effect and a time
dependent effect 1in the volume pinning force. These
effects depend sensiti&ely on the nature of sample and also
on the ac field amplitude.

Since it is highly unlikely that the increase of the
proton fluence actually reduces the crystalline defect
density, the progressive shift of the peak to the 1lower
maqnetic field as the proton fluece increases (item 1 above)
can not he explained by the synchronization proposition
(Sec. 3.3). IYf the increase of the elementary pinning
force is responsible for this shift, the fact that the

volume pinning force increases more at lower magnetic field
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(item 2 above) might suggest the existence of a pinning
threshold much smaller than the <threshold of the FLL
instability model. If such pinning threshold exists for
some reason, the small pinning centers which can not
contribute to the volume pinnind force may grow larqger and
come into play as the proton fluence increases. However,
this effect may not be observed at fields close to “cz
because all the pinninqg centers may already be above the
threshold at low proton fluences.

It is very hard to imagine that the c¢rystalline
structure would change or depend on the history of the
magnetic field at liquid helium temperature and we can
safely assume that the structural change of the FLL causes
the cycling effect and the time dependent bahavior of the
volume pinning force. It seems to be quite possible that
the PFLL structure depends on the field history or has some
time constant in its response to the external field (Chapter
6).

Finally, electron microqgraphs taken on similarly
prepared protom irradiated Nb samples by Aajaneyulu (1977)
{Anjaneyulu and Rollins 1979) show the demsity and size of
the dislocation 1loops obtained. This allowed a comparison
between measured and calculated values of the volume pinning
force, Fye Using the PLL instability model they found Fy
calculated wvas about two to three orders of magnitude

spaller than the measured value. Anjaneyulu (1977) also
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found the dislocation 1loops (although rather large in size
with averaqge diameter of about 300 K) have an elementary
pinning force, fP. which is about three orders of magnitude
below the threshold predicted by the FLL instability model
{Labusch 1969 and Kramer 1976). Thus, unless we neqglect
the threshold criterion, we would not expect to see any

pinning at all in our sanples,



Chapter VI

Flux Line Lattice Defect Instability Hodel
6.1 Introduction.

It is clear from the experinental evidence that flux
pinning is observed when the elementray pinning force, EP,
is several ordlers of magnitude below the threshold predicted
by the Labusch statistical summation model which we have
vrefarred to as the PLL instability model. The threshold
appears in this model bhecause it reguires an instability in
the deformation of the perfect PLL by a local pinning
center., The existence of the instability is esseatial in
the model in ocder that the stastical summation 1leads to a
non~-zero volunme pinning force. This leads to the
calculated threshold which is too large.

We suggest that what is needed is a different type
of instability in the E£flux 1line lattice. Clearly the
evidence suqgests that the previously suggested instability
in a perfect lattice is not the correct instability. What
follows in this chapter is a proposed instability mechanism.
The proposal is gqualitative in nature but could lead to more
quantitative calculations. Consideration of the particular
nechanism suqgested belov for the instability may 1lead to

further suggestions of other complex instabilities.
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We propose that the instability which Lleads to a
lower threshold pinning force depends on the motion of
defects which are present in the FLL. The existence of such
FLL defects (PLLD), especially FLL dislocation 1lines, has
been well accepted for some time (see Chapter 2.3). We are
led to sugqgest FLL defects are the key to the iastability
partly because of the experimental evidence that the volume
pinning force depends on the structure of the FLL. For
exanple, the cycling effect which we observed (Sec. 5.6) and
has also been reported by others (Kupfer and Gey 1977},
shows that the volume pinning force in certain situatioas
depends on the magnetic field history of the sanple. Also,
Campbell and Evett (1972) observed larqge changes (factor of
three) in the volume pinning force when edge dislocatious
were artificially induced in the FLL by small external coils
which caused local field variations in the sample.

Several authors have concerned themselves with the
effect which dislocations in the FLIL will have oa the volume
pinning force. However, the unstable motion of PLL
dislocations has not been suggested as a possible source of
an instability in the FLL vwhich may also lead to a low
pinning threshold. Attention has been given to the
possible effect of PLL dislocations on the elastic coanstants
of the FLL (Kramer 1978). There have been several
suggestions that PFLL dislocations move easily through the

FLL (Schmucker 1974 and Kramer 1978) and that the
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interactions between pinning centers aand FLL dislocation
lines are strong {Kusayanagi and Yaamafuiji 1969, Schmﬁcker
1974, chang et. al. 1969, amd Campbell and Evetts 1972).

In this chapter, we assumed that many of the
suqgestions of others about the motion and pinning of FLL
defects (FLLD) are true. It is assumed that the FLLD
novement through the PLL can be induced by pinning ceanters.
A model is described in some detail which indicates that
motion of the FLLD in the presence of pinning centers can
give rise to a new type of instability in the FLL and hence,
can gqive rise to a volume pinning force. The model 1is
similar, in principle, to the FLL instability model but the
nature of the instability of the new model is with respect
to the position of the PLL defects aand therefore, it will be
referred to as the FLLD instability model. This model is
combined with the statistical summation method to obtain a
geseral relationship betveen the elementary pinning force

and the volume pinning force.

6.2 FLLD Instability Model.

It is assumed that the elementary pinning force is
‘below the threshold of the PLL instability model and hence,

the statistical summation over all pinning centers would
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lead to zero volume pinning force on a perfect FLL.
However, a pinning center exerts a local force on the FLL
causing a stress-strain field around the pinning center.
If there is a PFLLD not far from this pinning center, it will
experience a force through the interaction of the FPLL
stress—-strain fiela induced by the pinninqg center and the
PLL stress—-strain field of the FLLD. It is shown that if
the interaction force betveen the pinning center and the
FLLD is large enough to move the FLLD (a new, and nuch
lower, threshold criterion), then there is an instability in
the position of the FLLD related taoa the pinning center and
also an instability in the positions of the flux 1lines

around the FLLD.

6.2.1 Porces Acting on a FLLD.

The following four forces may act on a PFLLD. All
the position vectors are with respect to the ideal
undistorted FLL.,

a) A PLLD at r; will experience a periodic force
P,(r,)=a H'(rl) as it moves through the PLL due to the
periodic structure of the FLL. H‘ (l:l ) is a periodic
function varing between 1 and -1 and has the periodicity of

the PLL and A is a constant which depends on the intrinsic
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superconducting parameters and the type and the shape of the
PLLD.

b) The pinning force of a point pinning center at T,
can be expressed as 1’=f';.x-l2 (rz) if the PLL is othervise
undistorted, where fP is the elementary pinning force and
H{rz) is another lattice periodic function varing between 1
and -1. However, in the presence of a PLLD at r| , the
pinning force is F=féaz[r2:u(rz-r‘)1 where u(nifr') is the
distortion of the PFLL at rz due to the PLLD at £y . The
pinning center them induces a force szP G(rzrr',F) on the
FLLD due primarily to the interaction of the stress~strain
fields of the FLLD and the FLL distorted by the pinning
center. Generally we would expect G(Fl-rl' P) to be a weak
function of P which reaches a maximum for small rz-r' and
approach zero as rz-rf’oo.

c) The FLLDs interact with each other.
d} Any general flux density gradient will produce a

net force on the FLLD.

6.2.2 Origin of the Instability.

Let's consider a one dimensional case of a single
pinning center at xz_movinq from negative infinity toward a

FLLD., The forces (c) and (d) above do not exist in this
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case and again all the positions are with respeclt to the
ideal undistorted FLL.

The FLLD will take a position in the PLL such that

the total force, Fr ON the FLLD is zeroe.

thr"'*Fz’

= A H‘ (x!) + frﬂz_[xz-u(s)] G(s) =0

or

Hl(xl) =-[f?G(s)/A] Hzgxzju(s)J

(6.1

where s=x‘-{z and G(s) is maximum when s=0 and goes to zero
as SPPO « When ffis equal to or smaller than A/G({0), which
will be called the critical pinning force fc' BEg. 6.1 has at
least one real raoot for Xy in all periods of H( (xl) or, in
other words, the FLID is stable regardless of the distance
from the pinning center. The FLLD simply goes througqh an
oscillatory motion as the pinning center produces a periodic
force as it moves through the FLL. The whole process is
reversible and there is no volume pinning force. However,

if f > fc » there exists a value S, Where fP = A/G(s,).

P

Then Eq. 6.1 has nc real root for x when ]-s|<s° and the

Pﬂzfxz:u) becomes larger than f° {Fig.
6e.1) If a FLLD is in this instability regqion, it will

pinning force F = £
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jump irreversibly out of this region, thus, producing the
instability which is essential for the volume pinning force.
The critical pimming force, f¢, which is the minimum force
necassary to move a PLLD, is much smaller than the force
required to move the flux lines or the pinning threshold of
the FLL instability model {(Sec. 6.4).

The maximum force on the FLL to move the FLLD will
occur when the pinning center just comes to within the
distance Sp of the FLLD. If the pinning force reaches its
positive maximum at this point, the FLLD will be pushed away
from the pinning center and stability will be restored
inmmediately. However, when the pinning force reaches its
negative maximum after the above process or when it first

comes into the 1instability range (Pig. 6.2 a), the PLLD at

X0 will be pulled toward the pinning center at xzo’ where
Hztxszu(xla-ng’]=‘1 and G(xlafng2=h/fP‘ The PFLLD does

not stop immediatly because G(s) increases as s=x‘-xL

decreases while the pinning force F at 1its peak does not
change rapidly, which makes sz F G(s) even larger as the
FLLD moves toward the pinning center (Fig. 6.3). However,
the 4distortior u(s) becomes large as the distance s

decreases and the pinning force F and, therefore, F_ starts

(A
to decrease until the FLLD reaches X where
fPlex19:u(xlh-xzﬁ!1=-A/G(xtb-xzpe and stability is restored
(Fig. 6.2 b). Meanwhile, the pinning center has not moved

although the pinning force changed due to the movement of
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the f;ui‘ lines around 1it. The pinning center moves
reversibly afterward until it reaches Xac and the pinning

force becomes larqe enough ¢to move the FLLD again i.e.
fpﬂz[xZC-u(x‘b-xzc)]=A/G(xlb—xzc). In this stage, the
pinning center pushes the FLLD away as it moves until the

pinrning force reaches its peak at X where

2d
Hz[xzd-u(x'd-xzd)]=1. The process becomes
reversible again afterward until the pianing force reaches
its negative maximum which is the beginning of the next
cycle. Therefore, the averaqge pinning force over a cycle,

F is

ayu’

because of the periodic nature of Pz(xz). Therefore,
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n
e"l-a
(0\

=
b o]
N

f Hfx =-u(x -x )7 dx
2 102 2

= £ C(f)
p P
(6.2)
where
. ] a _
C(f) = — H <x -u({x -x )> dx
P L c 2 2 1 2 2
(6. 3)

and L is the FLL constant.

The detailed behavior of C(fP.) is complicated and
obviously depends on the type of pinning center and the type
of PLL defect. However, W%e can spaculate about the general
gqualitative behavior of C(EP). When fP < fc' C(EP) and the
volume pinning force are zero. As EP increases above f_,
the instability range and, therefore, the FLLD movement and
C(fP ) increase rapidly. However, when fP >> fc! the
further increase of fP might increase the range of the FLLD
movement but does not increase C(fP ) much because the
distortion in the FLL at the pinning center is small when
the FLLD 1is far awayv. The limiting maximum in C(EP ) for
the one dimensional case of a single FLLD and a single

pinning center with a sinusoidal force is
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7T/2 1
sin x dx =

]
C(Ey) o — —
P 7T 0 T .

(6.4)

The volume pinning force which is a sum of the average
pinning forces should, therefore, depend linearly on EP w@en
£P>> QL and decrease rapidly to zero as fP approaches fo.

In the real case, the FLLD may move around the
pinning center left behind rather than staying in the line
of the pinning center wmovement, thus, reducing C(fP )
considerably. However, unless the pinning center density
is very low or the instability range is too small (fP = ft).
there might‘aluays he at least one pinning center within the
instability range from each FLLD. Furthermore, the
novemnent of PLLD affects ﬂot only the pinning center which
causes the movement but all the pinning centers under its
influence. Therefore, even if the PLLD density is not high
enough so that every pianing center corresponds to one FLLD,
still nmost of the pinninq centeﬁs could be under the

influence of at least one PLLD and coantribute to the volume

pinning force.
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Pigure 6.1 The force on a FLLD.

{a) without the pinning center (fP 0).
{(b) when EP < fc‘

{c) wvwhen fP > %;'
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The relation between a pinning force and a FLLD

(a)

(b)

{c)
(d)

(e)
(£)
The

(c)

The beginning of the instability (the
pinning force is at its negative maximum).
The end of the instability (the pinning
force decreased but the pinning center diad
not move).

The beginning of the next instability.

The end of the instability (the pinning
forcé is at its positive maximum).

The beginning of another cycle.

The pinning force during a complete cycle.
PLLD moves (a) to (b) in one step but moves

to (d) gqgradually as the pinning force

increases.
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The relation between the pinning force and the
FLLD position during the step from .(a) to (b) in
Fig. 4.2.
(a) Pinning force vs. position of a pinning
center,
----- Perfect FLL.
FLL with FLL defect.
(b)) Porce on a FLLD vs. Position of the FLLD. A
pinning center is at origin.
(1) The beginning of the instability.
(2) In the middle.

{3) The End of the instability.
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6.3 Origin of PLLD.

The flux line lattice is known to contain defects of
various types. Hovever, little is known about how these
defects are created or how they affect the macroscopic
superconducting properties of a material.

The flux line density gradient seems likely to be
achieved by the introduction of edge dislocation lines
rather than by a gradual deasity change. However, this can
not be considered as a FLLD source which leads to the flux
pinning since the volume pinning force is a prerequisite to
the £lux density gradient. The displacement of the flux
lines, even by the larqest pinning force available, 1is
generally too small to produce the PLL defects except at
fields very c¢lose to Hey or H., and it is gquite unlikely
that a pinning center can be a source of the FLLD in general
{(Sec. 2.2). Hovever, the displacements of the f£flux lines
by a pinning force can be large at a field very close to Hcl

ot U The pinning center can be a source of the FLLD when

(&N
the displacement of a flux line is equal to or larger than
the FLL constant. Furthermore, since a sample must pass

either H or ch'to reach the mnixed state, if the FLLDs

cl
created when the field is close to Hey Oor Heop stay in the
FLL, The FLL could have many defects without any source at
that particular magnetic £field. The FLL defects can also

be produced as the flux lines enter throuqh the sample
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sucface. When the magnetic field increases, the new flux
lines penetrate into the sample through the surface. The
flux lines may not enter uniformly due to irreqularities in
the sample surface or in the external magnetic field, thus,
formind the FLL defects. Also the FLL defects may be
formed during the FLL formation itself at Hoze

A tvo dimemsional vacancy or an interstitial can,
roughly speaking, be c¢oasidered as two edge dislocation
lines face to face and the enerqy required to produce a pair
of dislocation lines is swmaller than the enerqgy required to
produce a vacancy-interstitial pair. A dislocation line
also has a specific glide plane and it 1is possible for
dislocation lines to be annihilated only vwhea two idemtical
dislocation lines of opposite siqgqn are close together on the
same glide plane. Compared to dislocation lines, vacancies
or interstitials should be produced in small numbers and
also they can be readily annihilated. Furthermore, vwhen
two edqge dislocation lines are not on the same glide plane,
they do not simply repel or attract but they have well
defined equilibrium positions with respect to each other
(Fig. 6.4). Therefore, the movements of the dislocation
lines are quite restricted and even when the magnetic field
moves into the range where the FLLD c¢an not bhe produced,
still a large portion of the dislocation lines should remain
‘in the FLL. The FLL may look 'fluid-like® at a field where

the FLL elastic constants are so small that the pinning
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centers can easily move the flux 1lines and as the field
increases beyond this region, vacancies and interstitials
night recombine leaving the dislocation lines as the major

PFLLD.
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Fiqure 6.4 The forces and the stable confiqurations between
parallel edge dislocation 1lines (Kovacs and
Zsoldos 1973) .

(a) The force acting between two edqge
dislocation lines with perpendicular Burgers
vectors.

{b) The force acting between tvo edge
dislocation lines with parallel Burgers
vectors.

(c) The stable configurations'betueen two edge
dislocation lines with perpendicular Burgers
vectorse.

(d) The stable configurations between ¢two edge
dislocation lines with parallel Burgers
vectors.

The dislocation lines enclosed by triangles are

considered as fixed. The arrows indicate the

direction of the force on the dislocation which

is free to move along its glide plane.
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6.4 Critical Pinning Force.

Although the FLL is known to contain defects of
various types, it may be sufficient to consider only FLL
dislocation lines since defects of other types are 1lov in
density and their critical pinning forces should be larger
than that of the edge dislocation lines. A calculation of
the critical pinning force requires a complete understanding
of the PLLD and its interaction with pinning centers.,
Hovever, a general comparison with the pinning threshold of
the PLL instability model can be made using the results
ordinary dislocation theory applied to crystalline lattice.

Peierl's model gives the stress ng_ at a distance x

from an edqge dislocation line as (Kovacs and Zsoldos 1973)

b 2x
s = sin (-2 arctan —)
] 27tc s

(6.5)

-where s=c/(1-V )., 6=R/ 2(l+fL) and b is the Burgers vector
which is the distance between the lattice points along the
glide ©plane; ¢ is the interlayer distance; )\ is the bulk
modulus and /4 is the shear modulus. For two dimensional
cases, ),and/uLare Cyj and Ceo respectively (Sec. 2.2). The
critical shear stress to move a dislocation 1line (Peierl's

stress), S is given by (Kovacs and Zsoldos 1973)

C’

of
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2 -2t c/b(1=-Y)
e

(6.6)

In the case of the trianqgular Fflux line lattice (c/b={3/2)

and ).)?fL, V = 0.5 and the critical shear stress is

S, 'J//Lexp(—Z\ETC) & 7.5 x 105/4_. (6.7
Kramer ([(1973) estimated the critical shear stress for the
perfect flux line lattice to be about /1/6. Thus, the stress
needed to move a FLL edge dislocation 1line is about three
orders of magnitude smaller than the stress needed to move
the flux line itself, On the other hand, the interaction
force betveen a FLL defect and a pinning center seem to be
similar to the interaction force between a flux line and a
pinning center. Kusayanaqi and Yamafuji (1969) estimated
the interaction enerqgy between a FLL edge dislocation and a
crystalline screw dislocation and obtained a value of same
order as the single flux line interaction with a crystalline
screw dislocation. If other pinning centers act similary.
the critical pinning force might be about three orders of
magnitude smaller than the pinning threshold of the PFLL
instability model. 1In case of crystalline dislocation lines,
this estimation of the critical stress genetallf gives a
value which is one order of magnitude larger than the value

obtained experimentally. If the FLL Aislocations lines act
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similarly, the magnitude of the critical force needed to move
a PLL dislocation may be near four orders of magnitude less

than the pinning threshold of the PLL instability model.
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Figure 6.5 Illustrative diagram describing the peak effect,

The

(a)

(b)
(c)

scales are arbitrary.
The elementary pinning force, EP , and the
critical pinning force, q:.

C{fp) qoes to zero where EP = £

(o
F,, = £, C{f,) has a peak.
v = Ep Cp P
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6.5 Interpretations of Experimental Results.

To calculate the volume pinning force and 1its
behavior, the types and the shapes of the FLLD and their
densities should be determined first and this seems to be
beyond immediate reach. However, much of the experimental
phenomena previously unexplained can be explained at least
gqualitatively by the .FLLD instability model. In this
section, the experimental results are explained one by one in

terns of the PLLD instability model.

6.5.1 Specific Pinning Force vs. Volume Pinning Force.

The specific pinning €force @ (the volume pinning
force per pinning center) or the average pinning force is
several times smaller than the elemeatary pinning force, EP.
even if all the pinning centers are under the full influence
of a TPLLD all the time {Sec. 6.2). Q, in a real case,
should be even smaller since the FLLD density may not be as
high as that of the pinning centers. The experimental
result (see Sec. 3.3 and Pig. 3.2) that Q is about one order
of magnitude smaller than EP agrees vwell with this model.
Specially, the FLLD instability model predicts the dependence

of Q on fP is rouqhly 1linear when fP >» fc;but Q shoulad
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decrease to zero rapidly as fP approaches fc, which is about
four orders of nmaqnitude smaller than the pinning threshold
of the PLL instability model . This prediction agrees well
with the experimental results summerized by Kramer in Figq.

3.2 as discussed in Sec. 3.3.

6.5.2 Proton Fluence Dependence of Volume Pinning Porce

and the Peak Effect.

The elementary pinning force increases rapidly as the
magnetic field decreases fron ch‘ and so does the volume_
pinning force. As the field decreases further, the critical
pinning force increases more vrapidly than the elementary
pinning force does (Schmucker and‘ Brandt 1977) and where
these tvo values become equal, the volume pinning force goes
to zero rather abruptly, thus, producing the peak effect
(Fig. 6.5). In reality, howvever, there is always a
distribution in the size of the pinning centers and also in
the direction of the qlide planes of the FLL dislocation
lines which make the transition less sharp. When the pinning
centers are very small, as is the case in the samples with a
small proton fluence, the peak occurs Just below ch'and the
volume pinning force qoes to zZero or becomes very small below

the peak producing very sharp peak effect. When the pinning
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centers are large or the proton fluence increases, presumably
the size distribution of the pinning centers also becomes
broad making the peak less sharp and shifting it to a lower
field. When most of the elementary pinaning forces stay
ahove the critical pinning force over the whole field range,
as in the case of pinning by some voids and precipitates as
discussed by Kramer (1978), the peak effect never occurs.
Therfore, the proton fluence dependence of the volume pinning
force is higqh at the low field since the pinning centers
which are too small to contribute to the volume pinning force
at the low proton fluence may aqrow largqe enough as the
fluence increases. The dJdependence is much smaller at high
fields since the snallest pinning centers wmay already

contribute to the volume pinning force at the low fluence.

6.5.3 Cycling Bffect and Time Dependence of Volume Pinning

Porce.

The density of the PLL dislocations could be quite
different depending on whether they were formed with the FLL
at H,, and by the pinning centers as the field decreases or
produced at the surface when the flux lines enter the sanmple
as the field increases. Since C(EP ) should depend on the

averaqe numnber of the PLLD per pinning center, this
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difference in the FLLD deunsity could be resposible for the
cycling effect.

The FLL interstitial-vacancy pairs or even some FLL
dislocation lines will recombine after they are produced.
This reduction of the FLLD density might have caused the time
dependence of the volume pinning force. Kupfer and Gey
(1977) investiqgated the cycling effect of various samples and
founi ouly samples with pinning ceaters which displace the
FLL by one hundredth to one tenth of the FLL constant also
displayed cycling effects, while sanmples with larger pinning
centers or smaller pinning centers did not Adisplay the
cycling effect. When the elementary pinning force is large,
the pinning centecrs may restrict the PLLD movement and the
recombination might not be extensive. On the other hand,
when the elementary pinning €force is very small, the time

constant is too small for this effect to be detected.



Chapter VII

SUMMARY

7.1 Experiment.

Dislocation loops were produced in pure defect-free
niobium samples hy room temperature irradiation with 3.2 Mev
or 1.0 Mev protoms and their magnetic €£lux pianing behavior
at 4.2 degrees kelvin was examined. In spite of similar
sample treatmnent, the volume pinning force and its magnetic
field dependence vwere found ¢to be guite different from
sanple to sample. Nevertheless, a low volume pinning force
is accompanied by a sharp peak at a field close to Hcg'while
samples with a high volume pinning force display a weak peak
at a lower field. Two samples were irradiated in three
successive steps and their volume pinning forces increased
sharply at low magnetic fields as the proton fluence
increased. At fields close to HCZ' however, the increase
in the volume pinning force was not as rapid nor was there
such large differences between samples.

One of the samples showed a large cycling effect and
a noticeable decrease in the volume pinning force over a 10
minute interval at an external field of 1.88 KOe or lowver
and when a 40 Oe ac field was used. These two effects

decrease as the ac field amplitude increased. The volunme
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pinning force and the peak effect of this sample were

intermediate in magnitude as compared with other samples.

7.2 FLLD Instability Model.

A new summation model of flux pinning based on the
instability in the movement of the E£lux line lattice defects
(FLLD) was developed. It is shown that when the elementary
pinning force is larger than a critical pinning force, which
is perhaps four orders of magnitude smaller <than the
threshold force of the FLL 1instability model, the pinning
center cam produce an instability in the movement of a flux
line lattice (FLL) defect. This instability results in a
net force when averaged over all possible positions of the
pinning center and gives rise to a volume pinning force.
This model is used to explain qualitatively most of the
experimental results. Because of the uncertainties of the
FLLD structure and their density, it is possible to discuss

only general pinning behavior.
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Appendix A: Attempted Computer Calculation of

the Critical Pinning Force.

The FLLD instability model is based on the movement
of the FLL defects. Although it is generally believed that
FLL defects move easily (Schmucker 1974, Kramer 1978), the
exact value of the minimum force on a flux line required to
move a nearby PFLL defect (critical pinning force, see
Section 6.4) is not clearly known.

An attempt was made to find critical pinning force
to move a vacancy type FLL defect by constructing a
simulated flux line 1lattice using an IBM 370 computer.

The interacticn force, Fe: between two lattice points

T
separated by a idistance r;j is given by (Tinkham 1975, sce
Sec. 2.1)
2
F:: /)

= K,{(C:s

G507 FwEp
(A. 1)

where +o is thec £lux quaatunm, )_ is the magnetic penetration

depth and K, (r) is the Ffirst order Hankel function of

|

imaginary argument. K’(:) decreases exponentially as T S0
and varies as 1/r as r= 0.

A two dimensional trianqular lattice of size 17 x 17
with a f£ixed boundary was used. The lattice point at the

center of the lattice was removed to create a vacancy and
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all the lattice points except those on the boundary vere
relaxed until the net force on each lattice point was less
than a preset value. The <calculation included up to the
third nearest neighbor contributions to the force on each
lattice point. The result bf this calculation gave an
approximate structure for a vacancy type defect in the FLL.

Starting with this result, a lattice point next to
the vacancy was moved toward the vacancy step by step and
the force on this lattice point, fv. was obtained at each
step with all other lattice points relaxed. This result
was compared with the force regquired to displace a lattice
point in a perfect lattice, fL . This calculation was
repeated with lattice constants from L=10 to L~2l. The
main result found was that ED reacﬁed its peak when the
displacement of the lattice point was about 15 % of the
lattice constant, L, while EL reached its maximum when the
displacement was ahcut 90 % of L. The ratio of the two
peak values was one to two orders of maqgnitude.

| In our calculation, the boundary was fixed and the
restoring force on a lattice point did not only come froam
the shear distorticn of the FLL but from the 1local
compression of the lattice by the rigid walls. This gqave a
larqger value of fb than would be required in a real
situation. It was evident that a larqge lattice size was
necessary to obtain a realistic value.

However, we also found that our simulated lattice
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became unstable as the lattice constant decreases below
about 2.5)L. This led us to consider the stability of the
flux line lattice (Appendix B).

The following difficulties made the above

calculations not directly applicable to the real situation.
1) The boundary was fixed and this led to hiqh values of ED.
This could be modified by another computer similation model
but ¢the  more sericus protlen listed below made such
calculations difficult.
2) The 1/r dependence of the interaction force between flux
lines when r <X requires a progressively large number of
neiqhbors to be included in calculations of the force on
lattice points as the lattice constant decreases. When the
magnetic field approaches the upper critical magnetic field,
qaz. the lattice size and the computer time required to
obtain a meaningful value would be forbiddingly hiqgh.
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Appendix B: Conditicn Necessary for a Stable Two

Dimensiconal Triangular Lattice.

It is well know that the triangular flux line lattice
(FLL) has a lower free enerqy in most cases than the square
FLL. [lowever, very few authors comment about the stability
of the lattice although several imply that it is ‘stable over
the full ranqgqe in applied field from Hc! to th. He
investigated the stability of the PFLL because our computer
simulated lattice became unstable at high density. As .
outlined below we found the FLL is stable.

The interaction potential of an ordinarcy crystalline
lattice has a minimum . and thevre exists an equilibrium
distance between two lattice points. lowever, the
interaction potential between two lattice points of the flux
line lattice 1is a monotonically decreasing function of the
distance. The FLL is held together by the magnetic pressure
of the applied field. We consider in this appendix a two
dimensional lattice held together under pressure and the
stability of such a lattice to a shear distortion which does
not change the total area of the lattice. In this case the
pdA work is zero and we only need to consider changes in the
internal enerqy.

Let*s consider a uniform infinitesimal distortion

along the x-axis in a trianqular lattice with an interaction
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potential U(r) = A fﬂl The distance from the lattice point

at origin to the i-th lattice point is

172

"
L
1]

2 2
LXp +uge) + 131

1/2
2 2
[(xi + Yie Y + Yb]

4

(B. 1)

where u.., is the displacement of the i-th lattice point

(u{$= o), ex% = d%‘/dy and xi and Yi are the x and vy
coordinates of the same lattice point in an undistorted
lattice. The potential enerqy per lattice point after the

distortion is

n
u =1a 3 r.
- v v (B.2)

A stable lattice should satisfy the following conditions.

au

S—— = o

dexg- engo - (5. 3)
d"U

Ve >0

de® |e

., =0
x.? x'j’ (B« 4)

The condition (BP.3) is satisfied by any symmetric lattice,

however, the condition (B.4) is not always satisfied. TFor a
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triangular lattice, there are always six equidistant lattice
points 60 degrees apart from each other. If we consider

these six as a group, the Eq. B.2 becomes

u =2, U
J 1

(B.5)

where Us represents the potential energy due to the
interaction between the lattice at orqgin and the six lattice
points belonging to the 1j-th qroup. dzn-/dez turas out to

37 ey,

be

<
d u: 3
de 4 J
xg (B.b)

where Rj is the distance of “J-th lattice qroup from the

origin, The above result does not depend on the lattice
orientation. Therefcre,
a*y 3 "
T = A n (n#2) 2 Rj = K n(n+2)
dex 4 J .
(8.7)

where K is a constant. Therefore, a trianqular lattice with
a repulsive interaction will ke stable only if n is less than

-2,
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The interaction enerqy between two flux lines (in the

London limit, K9ee) varies as 1logq(1/r) at short distance
{Appendix A). Therefore, when the lattice constant is
small, the contribution of the nearest neighbors toward the
stability of the FLL is neqative. However, the contribution
from the lattice points further away where the interaction
enrerqy varies as exp(~r) tends ¢to make the lattice stable.
It turns out that the contribution from the distant neighbors
is always dominant and the lattice never hecomes unstable or

the shear modulus negative.



