
MEASUREMENT CF FLUX PINNING 

IN EEOTON IRRADIA'TED NTOBIOl'f 

A~1D 

THE FLUX LINE LATTICE DEFECT 

INSTAEILITY MODEL 

A diEsertaticn present~d to 

The Graduate Faculty of 

The Colleqe of Arts and Sciences of Ohio University 

In Partial Fulfillment 

of the Fequirem€nts for the DeqrEe 

toctor of Philosophy 

by 

Keunha Koh 

June 1981 



This dissertation has been approved 

for the Department of Physics 

and the College of Arts and Sciences by 

~ w fL ~fessor of Physics 

Dean of the Colleqe of Arts and Sciences 

ii 



iii 

ACKNOWLEDGEPIENT 

It is mv pleasure to acknovledqe those persons who 

have quided and assisted me throuqhout this work. 

Professor Roger w. Rollins, my advisor, introduced 

me to superconductivity and suqqested this prob1em. He 

also taught me the magnetic field profile measurement 

tecmnique he had developed and guided me throuqhout the 

dissertation. I am specially qrateful to him for allowinq 

me to persue this subject in directions which corresponded 

with my own interests. 

Professor Ronald L. Cappelletti gave me valuable 

understandinqs of various subjects throuqh lonq discussions. 

I would like to thank him for his sincere friendship. 

I would also like to express my thanks to Dr. J. 

Anianeyulu, former co-qraduate student for helpinq me to qet 

aqu~inted with the labratorr equipment and Mr. P. a. Beasley 

and l!r .. D •. J. Sturbois for their assistance in preparinq the 

niobium samples. 

I wish to thank all the faculty and staff of the 

physics department for their encouraqement and friendship 

which made mv stav at Ohio crniversitv a pleasent one. 



iv 

TABLE OF CONTENTS 

paqe 

LIST OP TABLES vii 

LIS'l' OP FIGURES viii 

Chapter 

1. IBTRODUCTIOH 1 

2. FLUX LINE LATTICE 5 

2.1 Introduction S 

2.2 The Critical State 8 

2.3 Elastic Properties of the Plux Line Lattice 10 

2.3.1 Elastic Constants of the Flux 
Line tattice 10 

2.3.2 Displacements of Flux Lines due 
to Local Forces 13 

2.4 Flux Line Lattice Defects 

3. REVIEW AND CRITIQUE OP CURRENT PLCJX PINNING 
THEORIES 

22 

28 

3.1 Pinninq !echanisms 28 

3.2 summation Rules and Threshold Criterion 30 

3.3 some Experimental Results and Their 
Interpretations 37 

4. EXPERrMEBTAL TECHNIQUES EMPLOYED 47 

4.1 Sample Preperation 47 

4.2 Resistivity Ratio 49 

4.3 Proton Irradiation 50 

4.4 ~aqnetic Field Profile 55 

4.5 Intermediate Temperature Beat Treatment 70 



v 

Chapter page 

5. EXPERIMENTAL RESULTS 71 

5.1 Histories of Samples 71 

5. 2 Pie ld Profiles 8 3 

5.3 Field Dependences of Total Pinned l!aqnetic 
Field and Volume Pinning Poree 91 

5.4 Proton Pluence Dependence of Total Pinned 
!aqnetic Field 106 

5.5 Dependence of Total Pinned Magnetic Field 
on subsequent Heat Treatment 118 

5.6 The Time Dependence of Total Pinned !agnetic 
P'ie ld and cvclinq Effect 118 

5.7 Summary 131 

6. FLUX LINE LATTICE DEFECT INSTABILITY MODEL 

6.1 Introduction 

6.2 PLLD Instability l!odel 

6.2.1 Forces Acting on a PLLD 

6.2.2 oriqin of the Instability 

134 

134 

136 

137 

138 

6. 3 Oriqin of FLLD 150 

6.4 critical Pinninq Force 156 

6.5 Interpretations of Experimental Results 161 

6.5.1 Specific Pinninq Poree vs. Volume 
Pinninq Force 161 

6.5 •. 2 Proton Fluence Dependence of Volume 
Pinninq Force and Peak Effect 162 

6.5.3 Cyclinq Effect and Time Dependence 
of Volume Pinninq Force 163 

7. SUMMARY 165 

7. 1 Experiment 165 



Chapter 

7.2 Fl.LO Instability Model 

BJU!''BBBNCES 

APPENDICES 

vi 

page 

166 

167 

171 



vii 

LIST OP TABLES 

Table paqe 

5.1 History of sample #16 73 

5.2 Bi story of sample t58 71 

5.7 Histories of samples 117, 120, 121 and 122 73 

5.~ Histories of samples #23. #26, #27 and #29 79 

s.s Histories of samples #12 and #13 81 



LIST O.F FIGURES 

l'iqure 

2. 1 

2.2 

2.3 

2.5 

l.1 

3.2 

l.3 

4.2 

4. 3 

4.4 

4.5 

5.1 

5.2 

5.3 

5.4 

PLL elastic constants vs. reduced field for 
a hiqh K 111aterial 

FLL elastic constants for pure niobium 

Maximum disp.lacements of the flux lines for 
the maximum piuninq force 

E1ectron microscopies of flux line lattice 

Illustrative diaqram of pinninq threshold of 
PLL instability model 

Specific pinning force vs. elementary pinning 
force 

Synchronization effect of FLL to the multiple 
of pinning center spacing 

Cyclinq e f feet 

Radiation damaqe station 

Diaqram used to obtain field profile equations 

Block diaqram cf e1ectronic circuitry used for 
field profiie measurement 

Maqnetization curve of an annealed Nb sample 
obtained at 4.2 K 

~B) obtained from maqnetization measurements 

wave forms at different de fields 

Field profiles at different de fie1ds 

Pield profiles with different ac tieid amplitudes 

Total pinned maqnetic field vs •. de field 
(sample # 18) 

5.5 ~otal pinned maqnetic field vs. de field 
(sample # 16) 

viii 

paqe 

1 t: .... 
18 

20 

25 

35 

40 

42 

41J 

53 

62 

64 

66 

60 

85 

87 

89 

94 

96 



ix 

Fiqure page 

5.6 Total pinned maqnetic field vs. de field 
(samples 117. 20. ~21 and #22) 98 

5.7 Total pinned maqnetic field vs. de field 
(sample #23. #26. #27 and #29) 100 

5.8 Volume pinning £orce vs. de field (sample 117) 102 

5.9 volume pinoiuq force vs. de field (sample #22) 1011 

5.10 Total pinned maqnetic field vs. proton fluence 
(Hdc.= 2.66 KOe) 110 

5.11 Total pinned maqnetic field vs. proton flue·ace 
(Hdc. = 2.60 'ltOe) 112 

5.12 Total pioued magnetic field vs. proton fluence 
(ffdc. = 2.48 KOe) 114 

5.13 Total pinned maqoetic field vs. proton fluence 
(Hdc.= 2.30 KOe) 116 

s. 14 Anuealinq temperature dependence of volume 
pinninq force 121 

5.15 Annealinq temperature dependence of defect size 
distribution 123 

S.16 Time dependent behavior of volume pinninq force 
with ac fi~ld amplitude of 40 Oe at 1.88 KOe 
(sample #16) 127 

5.17 Time dependent behavior of volume pinninq force 
with ac fiel~ amplitude of 60 Oe at 1.88 Koe 
(sample # 16) 129 

6.1 Forces on a PLL defect 144 

6.2 Relation between a pinning force and positio.n 
of a PLLD 146 

6 .• 3 Illustrative diaqram of the instability 148 

6.4 Forces and stable confiqurations between paral1el 
edqe dislocation lines 153 

6.5 Illustrative diaqram describing peak effect 159 



Chapter I 

INTRODUCT'ION 

In the mixed state of the type ZI superconductor. 

the maqnetic field forms a two dimensional trianqular 

lattice with a supercurrent vo.rtex producinq one quantum of 

maqnetic flux. <Po• at each lattice point. When a transport 

current J is applied, a Lorentz-like force jx<P0 acts on 

each vortex. If the superconductor is a homoqeneous 

material (free of crystalline defects or impurities). the 

flux line lattice (PLL) would move viscously parallel to the 

force .. The moving FLL induces an electric field which acts 

like a resistive voltaqe and causes power dissipation. On 

the other hand, if the superconrluctor has inhomogeneities 

which restrict the FLL movement, then the power dissipation 

can be prevented until the Lorentz like force exceeds the 

restrictive force 

Therefore. a larqe 

ensure the hiqh 

necessary for 

suparconductivity. 

Fv (qlobal. or volume 

volume pinning force 

cri tica.l currents and 

many practica.l 

An understandinq 

pi.nninq force). 

is essential to 

maqnetic fields 

applications of 

of the pinning 

mechanism would be very helpful in the research effort to 

establish larqe volume pinninq forces in superconductinq 

materials. 

The interaction force fp (elementary :pinning force) 
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between a sinqle crystaline defect (pinninq center) and the 

FLL has been calculated for several specific types of 

defects. However, the summation of these elementary 

pinninq forces in the proper way to find the volume pinninq 

for::e has prowed to be a very difficult problem and is still 

unsolved for the qeueral case. 

elementary pinninq forces over 

A direct summation of the 

pinniaq centers contained in 

a u·nit volume qives a much larqer volume pinninq force than 

found experimental! y. Yamafu1i and "Irie (1967) and Labusch 

(1969a) pointed out that the summation should be carried out 

statisticailv takinq account of the ela$ticity of the FLL. 

This mode1 is known as the statistical sumwation model or 

quadratic summation model. In this dissertation, this 

mode.l will be referred to as the P'J.I. instability model 

rather than the statistical summation model and it wi11 be 

contrasted with the f1ux line lattice de·fect (PLLD) 

instability model which is presented in chapter 6. A 

perfectly riqid PLL interactinq with randomly distributed 

pinninq centers wil1 qive a zero volume pinninq force since 

the number of pinning centers whose pinninq force is 

positive at a certain instant should . be same as those whose 

pinninq force is neqative. consequently, it is also 

suqqested that an instability in the FLL movement is the 

necessary condition for the volume pinninq force and an 

elemeotai:v·· pin ninq force which is not biq enouqh to produce 

the instability should not contribute toward the volume 
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pinninq force (threshold criterio·n). There has been 

considerable experimenta1 effort to find this threshold but 

all the experimental evidence shows that the real threshold 

is at least several orders of maqnitude lower. if it exists 

at a11, than predicted by the current theory. Even if we 

iqnore the threshold, 1.'he current theo.t"ies often fail to 

explain the experimental phenomena adequately. Kramer 

(1977) suqqested an empirical curve to rep.reseat the 

relation between the elementary pinning force and the volume 

pinninq force. however. a theoretica1 justification was not 

presented. 

In order to understand the flux pinninq phenomena. 

one should know the relationship between the elementary 

pinninq force, fp• and the volume pinninq force, Fv• and the 

effect of a chanqe in fp on the behavior of 'v· In flux 

pinninq experiments, it is biqhly desirable to deal with 

only one kind and si~e of pinninq·center if possible. We 

chose niobium in its purist and defect free form obtainable 

as the sample material. The cylindrical samples were 

irradiated with 1 to 3.2 Mev protons at room temperature to 

produce dislocatioa loops (Anianeylllu 1977) • The maqnetic 

field qradients in these samples were measured usinq ·the 

technique developed by Bollias et ai. (1974) and the volume 

pinninq forces were determined from these qradients. Many 

of the results obtained are similar to results previously 

reported by other authors but we also found some bafflinq 
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phenomena unreported in the literature. To explain the 

experimental results, ve developed a new summation model 

based on an instability in the movement of flux line lattice 

defects. This model is, therefore, named the flux line 

lattice defect (?LLD) instability model and ve believe it 

explains most experimental phenomena at least qualitatively 

at present. 

To provide a backqround for the maqnetic flux 

pinninq theory, the properties of the PLL and its reiation 

to the volume pinninq force and the dri vinq force are 

presented in chapter 2. The present pinninq theories and 

their difficulties in explainiaq the experimental data are 

briefly reviewed in chapter 3. The experime.ntal 

techniques empioyed in the course of this dissertion are 

explained in chapter 4 and their resu1ts are presented in 

chapter S. The FLLD instability modei and the 

interpretations of the experimental results by this model 

are presented in chapter 6. The summary is qiven in 

chapter 7. 



Chapter :t.I 

PLDX LINE LATTICE 

2.1 IAtroduction. 

The general theory of superconductivity includinq 

the Ginzburq-Landau theory vhich is applicable to type II 

superconductors is presented by Tinkham (1975) and Parks 

(1969) and excellent reviews of magnetic flux pinninq theory 

and experiment are given by Campbell and Evett (1972) and 

Ullmaier (1975). 

Abrikosov (1957) first solved the Ginzburq-Landau 

equations for a superconductor with a Ginzburq-Landau 

parameter ~ qreater than 1/../2 and predicted the existence of 

what is called the mixed state. For K > 1/ ../2, the energy 

of the interface between the superconductinq phase and the 

normal phase becomes neqat.ive and in the mixed state the 

specimen should have as larqe an interface area as possible 

with the minimum normal phase volume. The mixed state 

consists of supercurrent vortices surroundinq a norma1 core 

with each vortex containinq one qaantum of maqnetic flux. 

These quantized flux lines form a two dimensio.nal trianqntar 

lattice (Fiq. 2.4). 

In an applied maqnetic field lover than .11 C.l • the 

total free enerqy is minimum when no vortices are present in 
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the bulk of the superconductor and the magnetic field is 

entirely excluded (Meissner effect). AS the applied 

maqnetic field, H, is increased above Hc.l , the total free 

enerqy is lowered by introducinq the vortices into the bulk. 

These vortices enter throuqh the surf ace of the sample and 

(in the absence of flux pin·ninq) form the trianqular lattice 

described above with uniform vortex density throughout the 

bulk. The density of quantized flux lines (vortices) 

continues to increase until H reaches Rc:z• The averaqe 

maqnetic induction field. a, in the bulk of the 

superconductor is equal to n+o, where n is the density of 

vortices. At Bez , B = Be~ = Rc.2- and the 11or.mal cores a.re 

overlappinq. The bulk of the sample is in the normal state 

when R > Hez• however, a very thin sheath (thickness 

for Nbl remains superconductinq until ff > Hcg-1.7 Hcz• 

0 
600 A. 

In a type II superconductor in the mixed state, the 

local maqnetic field, h, in the London limit ( l(...+oo) is 

(Tinkham 1975) 

(2. 1) 

where cPo :hc/2e!!::2x 1o 7 
qauss-cmz is the fJ.ux quantum and ').. 

is the maqnetic penetration depth and rj is the position of 

the 1-th lattice point. The solution is K0 (r). the zero-

order Hankel function of imaqinary arqument. 
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h(r) = r-r· 
ft ( ---1 ) 

0 °}\ • 
(2. 2) 

The interaction energy between two vortices is 

lJ = 
ij • 

(2. 3) 

This is a monotonically decreasinq function of r and the 

~ifference between the PLL and an ordinary atomic crystal 

lattice is that the interaction force betveen two vortices 

is always repulsive and the PLL is held together by the 

external maqnetic field pressure. The elastic constants of 

the P'LL can be derived from the interaction energy of Eq. 

2.3. Por materials with K'=1 such as pure Nb. the vortex 

core enerqy is not neqliqible and the above equations are 

not valid. When K~1. the full Ginzburq-Landau theory must 

be used to describe the structure of the vortex lattice in 

the mixed state (Parks 1969)~ However. the qualitative 

behavior of the PLL should be similar to that of the high K 

case. 
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2.2 The critical State. 

Xn the static equilibrium state which is known as 

the critical state. the drivinq force on the PLL is balanced 

by the volume pinninq force. The drivinq force on the PLL 

is produced by a qradient ia the density of the qu~ntized 

flux lines or a transport current. The critical state is 

created as the 111aqnetic field is driven into the 

superconductor by increasinq the applied magnetic field a.nd 

maintained until the flux lines are driven out as the 

applied field is red~ced. so. in most cases. the PLL is 

assumed to be always in the critical state. 

Friedel et al. (1963) first derived the critical 

state equation employinq a thermodynamic approach. They 

considered a system of a fixed number N of straiqht flux 

lines of unit lenqth in an area A. The magnetic field 

pressure p at a temperature ~ can be written as 

dP df 
p = = - f - A 

dA 'J',N dA T,N 

df 
= - f + B 

dB T.,U • (2. 4) 

since dCNcp
0

)=dCBA)=l!dA+AdB=O. where P=fA is the Helmholtz 

free enerqy per unit lenqth and B=N cp
0 

is the average 

maqnetic field. The dr.ivinq force Fd (fo.rce per unit 
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volume) due to a gradient in the flux line density is given 

by 

dp dB dp dB dz f 
= - B-

dx dBZ • 
F a: -

d dx 
= - -

dx dB 
(2. 5) 

The Gibbs free euerqy, q=f-(BH/"1Q , is minimum i.n isothermal 

equilibrium and in the presence of an applied fieid a. 
Thus. in equilibrium, the reversible B-H 

is determined by 

or 

df H dq 

dB 
= ---'=:o 

dB 

d f. 
H = " 1t - dB • 

, 

Therefore, the drivinq force Fd is 

ff dB f4H) B dB 
F ,. - 41t a;- @ eq = --

d 4Ttfe'!r dx 

vhere 

(amps/cm~) = 10 dB 
J <:. -- (qauss/cm) 

47( dx 

= -

(2. 6) 

B J 

10f'1; , 
(2. 7) 
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and The critical state is established when 

the drivinq force is just matched by the volume pinninq 

force. The volume pinning force, Pv• can be calculated by 

B dB B Jc.. 
1" = - p = -= 

v d • 
(2.8) 

The volume pinning force can be measured indirectly by 

measurinq the magnetic field profile inside the 

superconductor (Sec. ~.4). 

2.3 Elastic Properties of the Flux Line Lattice. 

2.l.1 E1astic constants of the Plux Line Lattice. 

The elastic propert.ies of the PLL can be described 

by the elastic constants The relation between the 

stress sp. and the strain elf is (Kittel 1971) 

(2. 9) 

by the Hook's law. If the ~ 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 unchanqed and the forces are 

independent of ezz• 

can be written as 

The remaininq stress-strain relation 

s c c e 
xx 11 12 0 .xx 

s c c e 
yy 12 11 yy 

s - c e -vz 44 yz 
s c e 

xz 44 xz 
s 0 c e 

xy 66 xy 

where 

e = a a>< 
+ 

duy 

xv dy dx 

..... 
anil u is a distortion of flux lines. . The re.lation 

the elastic constants of the 

1 
c a: - ( c 

66 2 11 
c ) 

12 

flux line lattice is 

• 

( 2. 10) 

between 

(2.11) 

The shear modulus c6& is very small compared to the bulk 

modulus c 11 , and c 11 and c 1z are usually considered equal. 

These four elastic constants can be obtained from 

the reversible B-H relation, B ~ (Hl • 

1967 and 1969b): 

as follows (Lab us ch 



c = c .:: 
11 12 

c = 
44 

• I 

B 

81~18 
z 

2 d H (B') 
c = B' 

66 dB'.z 

when 

0.48 R~ JC.z(2 lt;z. -1) 
c = z, .;i. 

66 4 'Tt [ 1 + fA (2 K -1 t 1 

when 

dB' • 

B << B 
c2 

B 2 
(1- - ) 

a 
c2 

B =a 
c2 

where _,.d4=1.16 for a trianqular lattice. 

12 

(2. 12) 

(2.13) 

. • 

• 
. • 

(2 .14) 

For a hiqh " 

material and when the H field is near Hc.;z/ the elastic 

constants can be approximated by 

I 2 2 
c = c = c = -ff b . • 11 12 44 4'Jt. c2 

(2 .15) 

o. 13 2 2 
c = 

41tK?" 
R (1-b) 

66 c2 • 
when B ~ B . • 

c2 
(2. 16) 



where b z: B/B 
c2 

• 
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All the FLL elastic constants increase sharply as 

the maqnetic field increases but csr. decreases to zero aqain 

as the field approaches Hc:.z while the others keep increasing 

up to H~. The maqnitude of c 66 is, even when the field is 

close to Be.l'. several orders smaller than t.he other elastic 

constants (Piq. 2.1). 

2.3.2 Disp1acements of Plux Lines due to Local Porces. 

The displacements of the FLL due to a point pinninq 

force can be found by usinq the elastic theory of an 

isotropic continuum. ~f density of piuniuq centers is low, 

the displacement u 0 of the flux lattice under the influence 

of a point force, fr• actinq perpendicularly to 

line direction is (Labusch 1969h) 

where 

u = 
0 

the flux 

(2. 17) 



and 

If the pinninq center density is not so dilute, the 

neiqhborinq pinninq centers tend to limit the displacement. 

on tbe other hand, if the spacing between the pinning 

centers becomes very small, the pinninq centers may act 

cooperatively and the displacement becomes larger than given 

in the Eq. 2.17. However, the displacement of the flux 

liues due to the pinninq force is qenerally very small 

except at fields very close to Bel or Rcz (Piq. 2.3). 

Kramer (1973) introduced a line pinning model. The 

pinninq centers separated by l.z on a flux line may act 

cooperatively as a line pi.Aninq center rather than actinq 

individually as point pinninq centers and the displacement, 

u 0 , is qiven by 

1 

where 

+ . 1/2 
1 = (C # ~0 /cr,~ B) 

Lz 
cot h ( --=t= ) Z1 

( 2. 18) 

For a concentrated array of the pinning centers, the above 

equation becomes (Kramer 1973, Ullmaier 1975) 
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f p 1 
u = 

0 L:z 2 CE.& • 
( 2. 19} 

Because of the st.ronq coupling of vortex lines to 

each other, their displacements due to the pinninq force are 

also very small in the line pinning case except in the field 

reqions very close to Hcl and HC.2. where the shear modulus 

c 6, is very sma.11. 
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Piqure 2.1 The PLL elastic constants for a NbTa a1loy with 
0 0 

Te= 7.1 K. K.= 3." at T = 4.2 K (Ullmaier 1975). 
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Piqare 2.2 The PLL elastic constants for pure niobium with 
0 

H~z= 2.71 KOe at T = 4.2 K (Anjaneyuiu 1977). 
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Piq~re 2.J The maximum displacement of the flux 1ines, 

s(O), relative to the FLL constant. d, vs. the 

reduced field b=B/Bc.z for a maximum pinning 

force exerted by a normal inclusion of volume s~ 

where 5 is the coherence length and K is the 

Ginzburq-Landau parameter (Schmucker and Brand~ 

1977). 
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2.~ Plux Line Lattice Defects. 

Labusch (1966) first predicted the existence of 

dislocations in the PLL and, shortly afterward. Essman and 

Trauble (1967) developed a technique which enabled them to 

observe the PLL directl.y at low vortex ~ensity. They found 

dislocations with various other defects such as vacancies, 

interstitials, stackinq faults, and qrain boundaries in the 

PLL (Piq. 2.~). Even thouqh the existence of various defects 

in the PLL is a qenerally accepted fact, how these defects are 

created and how they affect the superconducting properties are 

not well understood at the present time. 

The line defects like vacancies and interstitials are 

observed in a very narrow ranqe of low vortex densities. In 

their measurements on Pb-6.Ji. In, Trauhle and Essman fou.nd 

line defects for the field between 30 qauss and 60 qauss. 

When the field is below 30 qauss, the vortex lattice becomes 

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 line defect to every 10,000 vortex lines. However, 

this is still orders of maqnitude too hiqh for those defects 

to be in thermal equilibrium. It was suqqested that the 

determine the concentration of 1.ine pinninq centers may 

defects (Hill et al. 1969) or that these line defects are 

formation of the FLL (Ullmaier 1975). 

influence of the line defects on the 

produced durinq the 

Nevertheless, the 
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macroscopic behavior oE the F~L is thouqht to be very small 

e.xcept when the field is very close to Iler (Brandt 1969). 

Dislocations. in contrast to the line defects. are 

hiqh in density and could play a substantial role in flux 

pinninq. 

qradient 

It 

is 

is generally believed 

accomplished by the 

that the vortex density 

introduction 0£ edqe 

dislocation lines (Essman and Trauble 1969). There are also 

some stronq indications that the dislocations can affect the 

volume pinninq force in some cases. Campbeil and Evetts 

(1972) found that the critical current in some superconductors 

varied by a factor of three or more dependinq on the way in 

which PLL dislocations were introduced into the ~LL. Chanq et 

al. (1969) first pointed out the similarity between the 

stress-strain curve in mechanical tests and the flux flow 

voltaqe-current characteristics. They suqqested that the 

critical transport current should be described entirely in 

terms of the pioninq of the PLL dis1ocations. Campbell and 

Evetts arqued aqainst this idea o.n the qrounds that the 

dislocations created by the vortex density qradient have their 

qlide plane parallel to the transport current and experience 

no force alonq the glide planes. Therefore. the presence of 

these dis1ocations should not affect the outcome. However. 

the dislocations with their qlide plane perpendicular to the 

transport current mav affect the outcome even if they are 

lower in density than those responsible for the vortex density 

qradient (chapter 6). 
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Grain boundaries were also found in the ?LL but there 

are not enough experimentai results to outline their effect on 

pinninq. At the present time, there is no clear 

understandinq of the effect of the PLL defects on the pinninq 

in qene·ral reqard1ess of their type. 
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Piqure 2.4 The electron microqraphs of the flux line lattice 

in lead-indium (Trauble and Essmann 1968). 
0 

B = 10 qauss. K= 2, T = 1.2 K. 

(a) Dislocations in the FLL. 

(b) !dqe dislocation. 

(c) Extended dislocation (stackinq faultt. 

(d) Grain boundary. 
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Chapter II'l: 

REVIEW AND CRITIQUE OP CURRENT FLUX PINNING THEORIES 

A complete maqnetic flux pinninq theory requires an 

understandinq of the elementary pinninq force f p , the 

maximum interaction 

(crystalline defect) 

force between 

and the FLL, 

a pinning 

and of the 

center 

proper 

summation 0£ these local forces into the volume pinninq 

force Pv· 

3.1 Pinninq Mechanisms. 

Local chanqes of superconducting properties such as 

electron density of states, electron-phonon interaction and 

electron mean-free-path, etc. due to inhomoqeneities in a 

type II superconductor in the mixed state result in the 

position dependence of the free enerqy of the flux line 

lattice. The re are several di f.ferent pinninq mP.chanisms 

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 fie1d between Hcl 

and Hcz into two reqions. In the low field reqion, the 

vortex lines are treated individualiy and the free energy of 
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a vortex line is split into contributions from the vortex 

core and from the surroundinq maqnetic field and cu.rrent. 

In the high field reqion. the FLL is described by the 

Ginzburq-Landau theory with approximation methods utilized 

when the normalized Ginzburq-tandau order parameter, t , is 

small. 

a) Core interaction: At the center of a quantized 

flux li.ne, the order parameter is zero and ·this adds a 

positive contribution to the free energy of the flux line 

(condensation enerqy). If the material has some reqion in 

which the order parameter is already zero or reduced from 

its value in the matrix, the flux lines tend to pass throaqh 

this region to keep the free energy increase a·t a minimum. 

b) Maqnetic interaction: The free enerqy of a vortex 

line is the sum of the maqnetic field energy and the kinetic 

enerqy of the vortex current in addition to the condensation 

enerqy. The presence of inhomoqeneities causes local 

chanqes in the maqnetic field and current densities to 

occur. affectinq the field and current distributions of the 

vortex lines. Thus, the shape of the fieid and current 

distribution of a flux line chanqes as it moves throuqh an 

inhomoqeneous superconductor and so does the free enerqy. 

c) P.lastic interaction: The specific volume and the 

elastic compliance of a metal in the normal state is 

sliqhtly smaller than in the supercooductinq state and this 

difference q~ves rise to a stress around a quantized flax 



30 

line. If a stress field already exists in the 

superconductor, the· stress field due to the FLL couples with 

it and results in a position dependent total free energy. 

3.2 summation Hules and Threshold Criterion. 

The volume pinninq force Hv is the combined force of a 

larqe mumber of individual interaction forces between the 

pinninq centers and the PLL. If ffF) dP' is the .number of 

the interactions per unit volume with forces between P and 

F+dP, the volume pinninq force Pv can be vritten as 

ffP) dF • 

(J. 1) 

The elementary pinning force fp is the maximum force a 

pinning center of a qiven type can exert on a flux line. A 

straight forward evaluation is possible for two limiting 

cases: 

a) If the PJ..L as well as the crystal lattice is 

completely rigid and there is a sufficiently large number of 

statistically distributed pinninq centers, Fy would be zero. 

b) If the PLL is comp1ete1y soft so that every 
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pinninq center contributes its maximum force fp, or i£ the 

elementary pinninq forces are so stronq that the vortex 

lines move and arranqe themselves such that each pinninq 

center contributes its maximum force, the volume pinning 

force is a simple sum of the elementary pinninq forces fp• 

P = - N f direct summation rule, 
v v p 

(3. 2) 

where Rv is the density of the pinning centers. 

In the qenera.l case, however, the summation is a 

quite difficu.lt problem. I.et's consider the one 

dimensional case for its simp1icity. Xn a one dimensional 

model, a pinninq center can be characterized by a potential 

well U (x) and the correspondinq pinninq force P' (Lowell 

1972) 

F = - 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 f1ux lines 

with eac::h other. 

C1 U(X ) = 
0 

dU (X) 

d.x 
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or 

'dU (X) d U (X) 
C' U (X0 ) = + U (lC

0
) 

dx XO dx XO • 
I 

Thus, 

dO (X) I XO dx 
U (x

0
) = 

~ C'-
2. 

XO • 
(3. 4) 

Sin=e the vell potential U(x) can be assumed to be an even 

function, the distortion of flux lines u(x) should be an odd 
2. .z function if d~U/dx <·C' for all x and the net force is 

zero. Thus, the condition z z d U/dx = c• represents a 

threshold criterion below which the pinning center results 

in zero net pinninq force on the FLL. 

on the other hand, whe.n d2 1J/dx:z. > c•, then there 

exists a point beyond which the vortex lines move abruptly 

until the pinninq force P becomes equal to -c•u aqain 

because P increases more rapidly with respect to x than the 

elastic counter force -c•u in this case (Piq. J.1). On the 

front side of the potential well, the unstable motion starts 

before F reaches fp and stops·after passing the maximum 

which makes the effective maximum force fe smaller than fr· 
However. this instability does not occur until 'F reaches fp 

on the rear side of the potential well. Due to this 
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asymmetry, the volume pinninq force F is not zero in this 

case. The exact form of f (F) wili depend on the details of 

the potential well of the pinning center but may be assumed 

to be constant for -fe < F < fp and zero otherwise. If the 

FLL is displac~d by a distance dx0 , each flux line will. 

co.ntact NvLy dx0 new pinninq centers per unit length where 

Nv i-s the pinninq center density and "Ly is tneir effective 

lenqth in the direction perpendicular to the flux lines and 

the drivinq force (Ullmaier 1975). Since there are B/~0 
flux lines per unit area, 

The displacement dx0 is equivalent to a force chanqe 

dP=C•du~C'dx • Therefore, • 0 

B 
fCFl = 

• 
(l. 5} 

Prom Eq. J.1, 

p dP' 

e 
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2 2 
(f - f ) 

P e • 
(3. 6) 

2. 2. When d D/dx >> c•, fe is small compared to fp and the volume 

pinninq force is approximately quadraticaliy p~oportional to 

the elementary pinninq force. 

2 
f 

p • 
PLL instability model 
(Labusch's quadratic 
summation model) 

(3. 7) 

F decreases as the riqidity of the FLL increases and it 

does not depead on whether the interaction is attractive or 

repulsive (Labusch 1969a). 
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Piqure 3.1 The free enerqy U and the interaction force 

F=-dU(X)/dx of a f1ux line with an elastic 

constant c• (dotted line) passing throuqh a 

pinninq center. 
z z (a) When d U(X)/dx is a1ways smaller than c•, 

the flux lines are stable for the whole 

pinninq ranqe. 

(b) When the maximum value 
z 2 

of d U(x)/dx exceeds 

c•, the instability occurs on both sides of 

the potential well but the pinninq force 

never reaches the maximum value fp on one 

side of the pinninq 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 pinninq theories. However, it seems 

clear, at present, that neither the direct summation model 

nor the PLL instability model can explain the experimental 

results satisfactorily. 

If we define a specific volume pinninq force Q as the 

volume pinninq force per pinninq center (Kramer 1978) 

Q = 

(3. 8) 

the relation between Q and f p is Q = f p for the direct 

summation model and Q 0(. f 2 p for the P'LL instability model. 

However, the curve on which the experimental data points 

fall lies between the two summation model lines (Fiq. 3.2). 

In the hiqh elementary pinninq force region, the 

experimental data run parallel to the direct summation line 

but the Q value is about one order of maqnitude smaller than 

the elementary pinninq force fp • As fp decreases, the 

slope of a curve throuqh the data becomes steeper until the 

curve runs uearly parallel to the PLL instability model 

prediction. ThP. more perplexing fact is that pinning 

centers whose elementary pinninq force is lower by up to 
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four orders of magnitude than the pinn iuq thresholcl 

predicted by the FLL instability model sti11 qive rise to a 

stronq volume pinninq force. Pietz and Webb (1969) 

suqqes·ted that a number of pinni.nq centers may act toqether 

as a super pinninq center. However. to explain the low 
i; 

threshold. the super pinninq center should include up to 10 . 
pinninq centers which is too large a cluster to be 

considered as a point pinninq center. Also. the fact that 

the specific volume pinninq force is nearly independent of 

the pinninq center density make this suqqestion hard to 

accept. 

Experimental measurements of the volume pinning 

force as a function of the maqnetic fie1d in proton or 

neutron irradiated superconductors sh·ov a sma.ll. sharp peak 

iust below H~z at low irradiation fluences. The heiqht of 

the peak increases and shifts to lower fields while becominq 

much broader as the £luence increases (Sec. 5.3). If a 

synchronization of the flux line distance and the pinninq 

center spacinq occurs. all the pinninq centers can act 

cooperatively and produce a bulk pinninq force much larqer 

than in the qeneral case where the lattice must be distorted 

in order to produce a non-zero volume pinniuq force. Such 

effects have been observed experimentally (Fiq. 3.3) but do 

not represent the situation described above. It is 

suspected that FLL softeninq because c,b-+0 at fiel.ds close 

to Hc2 miqht 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 Hc.z, than observed. 

Some samples which display the peak ef·fect also 

display a volume pinninq force which is dependent on the 

maqnetic fie.ld history (Kupfer and Gey 1977). At a field 

below the peak, the volume pinninq forces of these samples 

are hiqher when they are brouqht up to a qiven applied field 

from below 8 cr (cycled state) than when they are brouqht 

down to the same applied field from above Ha, (non-cycl eel 

state) • see Pig .. 3.4. It has been proposed that the P'LL 

defects miqht he the cause of this cycling effect. The 

elastic constants of the PLL are affected by the F'LL 

defects, and the type or density of the FLL defects miqht 

dep~nd on the maqnetic fie.ld history (Kupfer and Gey 1977). 
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Fiqure J.2 The specific pinninq force Q vs. the elementa.ry 

pinninq force for defects in Nb at b=.55 at 
0 T=q.2 K (Kramer 1978). 

Il Dislocation loops. 

O Voids produced by neutron irradiation at 
hiqh temperature. 

e Voids produced by Ni._ bomba.cdment at hiqh 
temperature. 

A 
mt 

tarqe Nb N precipitates in Nb. 

Dislocation loops 
irradiation at room 
and Bollins 1979). 

produced by proton 
temperature (An;aneyulu 
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Piqure 3.3 The volume pinnioq force as a function of flux 

density B in NbTi containing an ordered array of 

alpha-precipitates. The pinninq center spacinq 

matches mul.ti ples of the fl.ux line distance 

(Hillmann and Hauck 1972). 
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Fiqure 3.4 (a) Three different ways to reach the same 

temperature and applied field: (i) the "non-

cycled" state (nc) reached by reducing the 

applied field from above Hc-z.CT) 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 temperature 

at constant applied field. 

(b) Measurements of reduced volume pinning force 
mct."J Pv/Fv vs. reduced magnetic field b=B/Be~ 

for several samples (Kupfer and Gey 1977). 

non-cycled state {nc) 

-- -- cycled state (c) 

-·-heated state (h) 
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Chapter IV 

EXPERIMENTAL TECHNIQUES EMPLOYED 

The sample preparation procedure and the 

experimental methods used iA the proton bombardment and the 

field profile measurements are virtually identical with 

those described by Anianeyulu (1977) • 

4.1 sample Preparation. 

The samples were prepared from zone-refined (MARZ 

qrade) niobium rods (6.3 mm diameter) purchased from 

Materials Research corporation. The niobium rods were 

chemically etched in a solution consistinq 3 parts HN03 (70 

,; concentC"atio·n) ana 2 parts HF (48 % concentration) for 

about two minutes to remove their possib1y contaminated 

surfaces and then swaqed into rods with a diameter of q.a 
mm. Samples 4 cm lonq were cut from the swaged rods with a 

carborundum saw, and a 1.5 mm diameter blind hole was 

dril.led alonq the center of each sample for water 

circulation durinq the proton bombardment. A 0.75 mm hole 

was driliad at the open end of each sample for hanqiog in an 

induction furnace durinq aonealinq. The drilled samples 
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were cleaned in acetone and the both outer and inner 

surfaces were chemically etched in the acid solution 

described above for about two min 11tes to remove the strained 

and coutaminated surf ace. They were washed immediate1y 

afterward in distilled water and methyl alcohol. The 

chemical etchinq produced rouqh, pitted surfaces due to the 

strain produced by the swaqinq. These samples were again 

polished mechanically usinq 320, 400, and 600 qrade emery 

paper and finally wi·th L15 qrade crocus cloth until smooth, 

shiny surfaces were obtained. 

After beinq thorouqhly washed, the samples were hunq 

one at a time in the work coil of a vacuum induction furnace 

by the hanqinq hole. The vacuum chamber was pumped at _,, 
least 6 hours until the pressure ceached 2x10 torr before 

the annealinq started. The samples were initially annealed 

at a temperature between 1800°c and 1920°C (as measured by 

an optical pyrometer) to remove the material strain which 

miqht cause preferential evaporation. The temperature was 
• • 0 0 then raised to within 30 - 80 c of the meltinq poi.nt and the 

sample was annealed for at least 12 hours. The temperature 

was raised in one step to minimize the absorption of qas by 

the sample at intermediate temperatures. The pressure in 
-7 

the vacuum chamber at the end of annealing was 2 -3 .. 7 x 10 

torr. After annealinq, the samples were left to cool in 
-7 

~he chamber for at least 6 hours at a vacuum less than 1x10 

torr. Tae resitivitv ratios of some of the annealed 
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The resistivity rat.io measurement 

reintroduced some 

reannea1ed. The 

durinq the process 

Immediately after 

strain and therefore these samples were 

samples 1ost a.bout 15 % of their veiqht 

of etchinq, polishinq and annealinq. 

the final annealing, each sample was 

epoxied to a 1 cm lonq copper base at its open end and they 

were afterward handled only by the copper base. The 

annealed samples were always kept in a desiccator. 

4.2 Resistivity Ratio. 

The electricai resistivity of most metals at room 

temperature is dominated by collisions of the conduction 

electrons with lattice phonons and is not affected by 

impurity atoms or crystalline defects (Kittel 1971). 

However, the resistivity at liquid helium temperature 

(resiiual resistivity) is mostly caused by the scatterinq of 

the electrons by impurity atoms and crystalline defects. 

The ratio of the resistivity of a specimen at room 

temperature to the resistivity at liquid helium temperature 

reveals the imperfections of the metal. 

The resistivity measurements of the annealed niobium 

samples were made usinq a standard four leads technique. 

Copper clamps at each end of the sample served as the 
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current leads and two point contacts servinq as voltaqe 

leads were made by t~o copper nails pressed by sprinqs. A 

current of 1 .- 7 ampere was supplied by a coJlstant current 

qenerator and measured throuqh a 0.1 ohm Leeds and Northrup 

standard resistor in series with the sample and the voltaqe 

across the voltaqe leads were measured with a Keithley 148 

Nano-voltmeter. The voltaqe and current measurements were 

made for both polarities of the current to minimize thermal 

emf effects. The room temperature resistances were 

measured at the ambient room temperature and 0 
4. 2 K 

resistance measurements were done by immersinq the samples 

in liquid helium and applyinq 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 be 1qoo -1900 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 ~ev Tandem van de Graaf 

accelerator at Ohio University. 

The rad~ation damaqe station used to irradiate the 

samples with protons at room temperature is shown in Fiq. 
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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 mm thick aluminium sheet. The sample 

(1) was soft soldered to a 10 mil thick, 6.3 mm diameter 

stainless steel tube (8) by its copper base and a capillary 

(9) was inserted down to the tip of the samp1e throuqh the 

tube.· Distilled and deionized water chilled with ice was 

pumped to the samp1e throuqh the capillary to keep the 

sample at room temperature durinq the proton bombardment. 

The slit was also cooled by the water circulation. 

With the sample pulled out of the way. the proton 

beam was collimated and tuned to obtain the required beam 

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 motor 

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 usinq a thread~d rod arranqement. The 

ra~iation chamber was electrically qrounded and the 

electrical impedance betveen the sample and the qround was 

about 20 meqohm. Hith the 3.2 Hev proton beam, the curre.nt 

measured on the sample was larqer by about 16 % tha.n that 
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measured on the beam stop with thP. sample pulled out. It is 

thouqht that the secondary electrons ejected from the sample 

were responsible for the difference, and sq 3 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 

111icroampere to 3. O microampere 0£ the real proton current. 
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Fiq11re 4.1 The radiation damaqe station. 

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

(4) radiation chamber, (5) aperture, 

(6) proton beam line, 

(7) dynamic vacuum seal, 

(8) stainless steel tube, (9) capillary, 

(10) linear bearinq, 

(11) motor (sample rotation), 

(12) motor (vertical motion of the sample). 
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CJ. 4 Maqnetic Fi e.ld Profile. 

The volume pinninq force may be calculated from the 

critical current Jc or from the qradient in the flux line 

density (Chap. 2) • The critic al curren·t density can be 

measured by passinq a current throuqh a sample in a 

transverse maqnetic field~ The current is increased until 

a certain specified voltaqe c usually 1 microvolt) is 

detected across the sample. This method assumes that the 

current is distributed uniformly and is useful for samples 

in the form of wire or thin foil. 

aollins et al. (1974) developed an ac me~hod capable 

of obtaininq the maqnetic field profile in a bulk specimen. 

This method makes it possible to study non-homoqeneous 

pinninq near the sample surface. 

Since a pin.ninq force produces a gradient in the 

den~ity of flux i~nes, an oscillatory external maqnetic 

field can penetrate only a certain dep·th in to a type II 

superconductor which has a pinninq force. The critical 

gradient in B(x) is qiven by eq. 2.8 

dB 
-= 
dx , 

(4. 1) 

where we have indicated that Fv may depend on B and position 

x. The plus or minus siqn in Eq. ~.l 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 

Pv(B,T,X) exists for a qiven sample and, therefore, Eq. 4.1, 

toqether vith an appropriate boundary condition determines 

B(x) tbrouqhout the sample. The boundary condition used 

puts B at the surface equal where H is the 

ap?lied field. 

Rolli1's et. al. (1974) considered the situation 

where a sma 11 ac field h0 q(t) of amplitude 

superimposed on a larqe de field Hdc applied paral1el to a 

cylindrical sample. Then,at the sample surface, D will 

oscillate about 

Furthermore, if 

considerably 

dB 

Bc:tu-= B.t.f!.(lidc:.) 

b 0 << BGt.\T 

4 TCf'-e~ 
.! F V (Btlll 'X) 

B a.11 
-= 

dx 

vi th 

then Eq. 4. 1 simplifies 

Fiq. 4.2 shows the field profiles which result near the 

surface of a sample where it is assumed Fv is larqer near 

the surface than in the bulk. The rate of chanqeof flux, 

def Ct) /dt, in the sample due to the chanqe in B at the 

surface (dB (t) /dt)
5 

is 



= 
{dB (t)) r dt s 

r 2TC.r dr 

JR-x (t) 
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(4. 2) 

where x(t) is the depth to which the ac field has penetrated 

at time t. 

rewritten· as 

2 
::: [R 

where f-e'tr =dBei(dH, and B .ei-(H) 
relation for the pure materia1. 

4.2 can be 

dq (t) 

dt , 
(4.3) 

is the reversible B-ff 

.If the frequency is very 

low so that the normal skin depth is much larqer than the 

characteristic size of the sample, the chanqe in flux 

throuqh the sample while in the normal state durinq the same 

time interval is qiven by 

Thus, 

d +l)t.(t.) 

dt 

x (t) 

R 

2 d q (t) 
= 1(. R h 

0 dt • 

= 1 - [1 - d cf> (t) /dt J 1/2 

~"de., t d fJt> /dt] • 

(4. 4) 

(4. 5) 

The internal field B(X) at x(t) during the increasing field 
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half of the ac cycle is qiven bv 

1 
[ g (t) + , l 

2 
(4. ~) 

and durinq the uecreasinq field half of the ac cycle is 

qiven by 

where 

1 
=-

2 

and b = IJ.n,, h o,....,.o 

( q (t) - 1 J 
(4. 7) 

• A plot of 

0.5 JLeiG.Hd~) h0 [q(t)+1J vs. x(t)/R with time t as a parameter 

qives the field profile durinq the increasinq field half 

cycle and a plot of o. 5 feg<H'1c) h
0

( q (t)-1] vs. x (t) /R gives 

the field profile for the decreasinq half cycle. The field 

profiles cover tha depth from the surface of the sample to 

the maximum penetration depth, xcma.')(<b
0

). 

A block diaqram of the electronic c~rcuitry used is 

shown in Fiq. 4.J. I\ Westinqhouse end-compensated 

superconductinq maqnet provided the de field and it was put 

in the persistent mode whenever the meas\lremeots were made. 

A 1.83 cm in diameter and 9.4 cm lonq solenoid provided the 

ac field with amplitude from 1 oe to 160 oe. The sol~noid 

was made by windinq 3492 turns of 0.0125" diameter copper 

vire around a copper tube and then pottinq with epoxy. 
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This small solenoid produced a peak magnetic field of 0.465 

Oe per 1 milliampere of rms current. A 2.3 Hz sinusoidal 

siqnal from a wavetek siqnal qenerator was inteqrated to 

minimize distortion and connec+.ed to a power amplifier 

before beinq fed into the small solenoid which served as a 

pri:..rv coil. A o.s 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 in le.nqth was made by 

windinq and pottinq with epoxy about 1000 turns of #48 

copper wire on a teflon tube which fit snuqgly around the 

samples. The sample was inserted in the secondry coil a.nd 

clamped by its copper base so that the sample and the 

secondary coil were positioned at the center of the primary 

coil. 

The signal from the secondary coil containinq the 

sample was induced by flux chaaqes aot only in the sample 

but also in the free space between the sample and the 

secondary coil. The free space part of the siqnal could be 

cancel1ed by superimposinq a siqnal from the compensation 

system and further corrected by substractinq from al1 other 

wavP. forms the compensated wave form measured with the 

sample in the Meissner state (H0c•O). The compensated 

system consiste~ of an identical set of primary and 

secondary coils coaxialiy 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 casinq to minimize 

the external interference. The primary coi1s of the system 

and compensation system were also connected in series. The 

siqnals from the secondary coils of the system and the 

~ompensation svstem were sent into a PAR # 113 wide band 

differential pre-amplifier. Its output was connected into 

an ~scilloscope, a PAR Model t HR-8 Phase sensitive lock-in 

amplifier (for the precision compensation), and also into a 

Northern NS-550 series diqital memory oscilloscope in its 

averaqinq mode (Pig. q.J). The compensated wave forms from 

the pre-amplifier were accumulated a few hundred times in 

the memory oscilloscope to improve 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 

were adjusted when the sample was in the non-cycled ~eissner 

state in zero de field and was not changed throughout the 

measurement.. With Hde=O, the compensated siqnal and the 

uncompensated signal (representinq the signal from the free 

space between the sample and pick up coil) were acculated 

400 times and 100 times respectively and stored. The 

sample was taken to the normal state by raising the de field 

to approximately 7.5 KOe which is well above RC3 • The 

=ompensated normal signal was accumlated 100 times and 
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stored to be used as d""' /dt of Eq. 4. 4. T" . This normal wave 

form was compared with the free space part wave form, and 

the phase was shifted until the zero crossinq points 

coincide with each other to minimize the normal skin effect. 

The sample was then taken into the superconductinq mixed 

state from above "cz. and/or from below Hca and the 100 to 

400 times accululated wave forms were stored to be used as 

df /dt of Eq. 4. 5. From the normal wave form and the 

sup!!r::onductinq wave form. X/R and B (X) were calculated and 

plotted. The q(t) was obtained by numerical1y integrating 

df/dt and all data were stored on maqnetic tapes for later 

l"etB) was 

measurements made by c. Chen 

obtained use. from the de magnetization 

(Fig. 4.4) and calculated by 

An ianevulu (Fiq. IJ. 5) • The ma•:fnetization system has been 

~es::ribed by Fearday in his Ph. D. thesis (1971). 
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Piqure 4.2 (a) Fv vs. distance from the sample surface. 

(b) The correspondinq magnetic field profile at 

various times du rinq the ac cycle (Rollins 

et. al. 1971.1) 
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Fiqure 4.3 Block diaqram of the electronic circuitry used 

for the field profile measurement. 
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Fiqure 4.4 Kaqnetization curve of an annealed Nb sa~ple 

. 0 obtained at 4.2 K (Anianeyul.u 1977). 
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Piqure 4.5 ~B) obtained from maqnetization 

for three different temperatures 
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measurements 

plotted as a 

function of reduced field H/H c
2 

(Anjaneyulu 

19 77) • 
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4.5 Intermediate Temperature Heat Treatment. 

one of the samples (#20) was annealed at several 

successively biqher temperat11res of 1JS
0 c. 364°c. 1155°c and 

for approx:ima tely one hour each in vacuum of abount 

torr. The fie1d profiles were measured after each 

annealinci. 

The copper base of the sample was etched away 

chemically in a solution of sulfuric acid and nitric acid. 

The sample was suspended at both ends by a stainless steel 

wire and placed in a glass t11be. The tube was pumped with a 

liquid-nitroqen-trapped oil diffusion-pump vacuum system for 
-6 

morP. than 12 hours. With the pressure at about 10 torr 

the qlass tube containq the sample was inserted in a 

preheated oven. The temperature was measured with a 

thermocouple ias~rted in the center hole of the sample and 

it took about 20 minutes for the sample to reac·h the 

annealinq temperature ann to coot down to room temperature 

aqain once removed f ron the oven. 



Chapter v 

EX!?ER'IMENTAL RESULTS 

5.1 Histories of Samples. 

The samples #16 to #22 came from two different 

niobium rods. A portion was cut fro111 each rod before 

swaqinq and these pieces were anneaied following the sample 

preperation procedure (Sec. 4.1). The resistivity ratios 

of these annealed pieces were measured to be 1180 a.nd 1330. 

The niobium rods were svaqed and made in·to samples. I\ 
0 0 sample annealed at 2045 ±10 c had a trace of melt'inq on its 

surface. 0 0 
Since the meltinq point of Nb is 2480 !10 c, the 

actual annealing temperature should be considered about 380° 
0 

!10 c above the optical pyrometer readinq. The difference 

came from the absorption of the qlass wall of the vacuum 

chamber of the induction f arnace and a correction due to the 

emmissivity of Nb. The sample 116 (table 5.1) and #18 

(table 5.2) were irradiated in three successive steps and 

the other.samples (table 5.3) were irradiated once with J.2 

Mev protons. The resistivity ratios of the samples 

(except sample 320) vere measured after the anneal part 2 

and reannealed afterward. in case of sample #20, the 

resistivity ratio was measured after the heat treatment 

experiment (Sec. 5.5). 
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The samples #23. 126. #27. #29 and i12. #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 112 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 miqht not have 

been removed or perhaps this rod was contaminated as 

purchased. In any case. the resistivity ratios of the 

samples 

hundred. 

from this rod never 

These two samples 

with the other samples. 

reached more than about one 

vere included for comparison 

The field profiles of some samples were measured 

before the proton bombardment and showed no detectable flux 

pinn inq force. The initia 1 volume pinninq force may vary 

from sample to sample but it is very small and it is assumed 

that the pinninq fo~ce 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 fn6. 

The empty space represents the steps skipped and 

the temperatures are the optical pyromerter 
0 0 readinqs with an uncertainty of ±10 c (add 380 

~1o0 c to find the actual annealinq temperature). 



---------------------------------------------------------
I 
I sample no. 16 
I 
1----------------··--------1 -----------------------

I 
I anneal I temp. ( ° C) 
I part 1 I 
I I ti me (bo urs) 
I I 1--------1-------------------
I I 

( o C) I 1 temp. 
I anneal I 
I part 2 I time {hours) 
J ! -7 
I I vacuum (10 torr) 
I I 
1---~------------------------J . 
I resistivity ratio 
1 

2030 

25 

3.7 __________________________ , 

, ____________ __:_ _____________ 1--------------------------
I 

( o C) 
I 

I temp. I 
anneal 1 I 
part l I time (hours) I 

I -7 I 
1 vacuum (10 torr) ' 1 I 

1--------~-------------------1--------------------------
I I 1 I 
J enerqy (Mev) t 3. 2 I J. 2 I 3 .. 2 
i I I I 

no. of sweeps I 6 I 3 I 3 
I I I 

proton duration (min.) ' 157 I 77 I 78 
dosaqe -3 I I I 

meter {10 coul) I 31.2 I 16.8 I 20.2 
-3 1 I 1 

actual (10 coul) 1 26. 2 I 14. 1 I 17.0 
2 16 1 1 I 

per cm (10 p) I 4.07 I 2.23 I 2.65 
1 I t 

---~------~------1-----~-J------~1--------
16 2 1 I I 

J ace um. ( 1 O p/cm ) ' 4.07 I 6.30 I 8.95 
I I I I 

----------~----------------------------------------------

74 
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Table 5.2 History of the sample #18. 

The temperatures are the optical pyrometer 

readinqs with an uncertain·ty of 0 
;tlO C 

0 
(add 380 

0 
~10 c to find the actual annealinq temperature). 



---------------------------------------------------------
I 
I sample .no. 18 
I 
1---------------~------------1---------------------------

J 
I anneal I temp. c ° C) 
I part 1 I 
I J time (hours) 
l I 

I 
I 
I 
I 
I 

1800 

1.5 

1--------1-------------------1--------------------------
l 

( o C) 
I 

I temp .. 1 2025 
anneal I I 
part 2 ! time (hours) ' 12.2 

I -7 I 
I vacuum (10 torr) I 2.2 
I I ----------------------------1--------------------------

resistivity ratio 1890 

I 
I temp. ( o C) 2025 

anneal ' part 3 I time (hours) 7.42 
I -7 
I vacuum (10 torr) 3.0 
J -------·-1------------------- --------------------------
' I 
I enerqy (Hev) 3.2 1 3. 2 3.2 
1 I 
I no. of sweeps 1 3 I 3 J 

t I I I 
I proton .I duration (min.) I 77 J 76 79 
I dosaqe I -3 i 1 
I I meter (10 coul) I 15. 2 I 16.3 17.0 J 
f I -3 I I I 
I I actual (~0 coul) I 12. a I 13.7 14.3 I 
I I 2 16 I I J 
I I per cm ( 10 p) I 2. 01 I 2.19 2. 19 I 
~ ~ I 1 I 
I 1-----------~-~--1--------1--------1--~----t 

' I 16 2 ' I I J 
I I accum. ( 1 O p/cm ) I 2. 0, I 4.20 I 6.39 I 
I 1 I 1 ' • ---------------------------------------------------------

76 
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Table S.3 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 annealinq temperature was not measured but 

should be similar to the others. 

The empty space represents the steps skipped and 

the temperatures are the optical 

readinqs with an uncertainty of 0 
;t,10 c 

pyrometer 
0 

(add 380 
0 !10 C to find the actual annealinq temperature). 
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----------------------------------------------------------
I I I J 

sample no. I 17 1 20 l 21 I 22 
I I I I ----------------------------1------1------1-------1------

1 I t I 
anneal f temp. ( o C) I 1940 I 1900 1921 I 
part 1 I I I I 

I time (hours) I 1.2 I 2.3 4.0 1 s. 3 
J J J I 

-----------------~-------~--1------1------1--~~--1------
I ( ° Cl 

I I I t ,, temp. I 2030 I 2035 1 2035 
anneal I I I I 
part 2 I time (hours) l 24 I 12 I 17 .• 5 14 

I -7 ' I I 
I vacuum ( 10 torr) J 2.6 I 2.2 I 2.6 2. 1 
I I t I ----------------------------1------1------1------ ------

I I • I 
resistivity ratio I 1440 I 1400 I 

I I I 
---------------------------- ------·1------ , _______ ------

t 
( o C) 

I I 
temp. 2025 I I 

1 anneal I I 
I part 3 time (hours) 18.5 ' I 
I -7 1 I 
I vacuum (10 torr) 2 .. 6 I I 
I I I l 1-------- ------------------- ------1------1-~---1------
I I I J 
4 enerqy (Mev) 3.2 I J.2 ' 3.2 3. 2 
I 1 ' I no. of sweeps 6 I 12 I 2 3 
I I I 
I proton duration (min.) 166 I 319 ' 56 78 
I dosaqe -3 I ' I J meter (10 coul) 35.8 I 66.0 I 20.7 17.:J 
I I -3 I I 
1 I actual (10 coul) 30.1 I 59.2 I 17 ·" 14. 5 
t I 2 16 I I 
I i per cm (10 p) 1 4. 53 I 8.92 I 2. 58 2.32 
I t J I ' 
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Table S.~ Histories of samples #23, #26, #27 and #29. 

- The 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 

readinqs with an uncertainty of t10°c (add 380 

~1o 0c to find the actual annealinq temperature). 



BO 

-------------------------------------------------·------
I I I I I 
I sample no. 23 1 26 • 27 J 29 I 
I I I I I 
1--------------~------~------

______ , ______ 1------1------1 
i 

anneal I temp. ( ° C) 
part 1 I 

J time (hours) 
J 

----------------------------I 
I temp. 

anneal I l 

' I I I 
1830 I 1860· I I 1830 1 

J l I 
2.7 I 6.0 I 3.2 I 3.J 

I I I ------1------1------1------
2020 

J 
I 
1 

I 
I 2025 
I ' J 2020 

I 
part 2 I time 

I 
(hours) 

-7 
I 20.s 
I 

I 1 2 
t 

I 11 
J 

I 22 
I 

I vacuum ( 10 torr) I J.o 
I J 

I 2.0 
I 

I 2.2 
I 

I 1.7 
I 

-----~----------------------1------t------~------1------

resistivity ratio 
I 
I 
J 

I 

' I 
I 
I 

' ----------------------------1------1------ ------1------
I 
I temp. 

anneal I 
part 3 1 time 

I 
I vacuum 

' 

~ 
{ C) 

(hours) 
-7 

( 10 torr) 

I 
1 

I 
I 
I 
I 
I 
I 

' --------1------------------- ------1------ ------ ------
I 
I enerqy (Mev) 
I 
f no. of sweeps 
I 

proton i duration (min.) 
dosaqe I -3 

t meter (10 coul) 
I -3 I 
I actual (10 coul) I 
I 2 17 I 
J per cm ( 1 O p) J 
I I 

I 
1.0 J 1.0 

i 
2 J 4 

I 
60 I 118 

I 
18. 2 ' 18. 2 

I I 
15.3 I 15.3 I 

1 I 
2. 06 I 2. 11 I 

I I 

1. 0 

2 

57 

16.2 

13.6 

1.94 

1. 0 

3 

95 

17.3 

1.86 
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Table 5.5 Histories of samples #12 and #13. 

The temperatures are the optical pyrometer 

readinqs with an uncertainty of .t.10 °c (add 3110 

.t 10 °c to find the actual annealinq temperature) • 



------------------------------------------------
1 I 
I sample no. 12 I 13 
l I 1----------------------------1--------1--------1 
J 
1 anneal I temp. ( ° C) 
I part 1 I 
I I time (hours) 
I 1 

I 
I 1880 
I 
I 3. O 
I 

1920 

3.5 

1--------1--------~---~------1--------1-~------1 
I 
J 
I anneal 
I part 2 
I 
1 
1 

I 
I temp. 
I 
I time 
I 
I vacuum 
I· 

I 
( ° C) t 

I 
(hours) t 

-7 I 
(10 torr) I 

I 

2020 

22 

I 
I 
I 
I 
I 
I 
I 

2020 

20 

1.2 

I 
I 
J 
l 
I 
I 
I 1----------------------------1--------1--------1 

I I I 
I resistivity ratio 
l 

1 91 
I 

I 102 
1 1----------------------------1--------1--------

I 
I temp. 

anneal I 
part 3 e time 

I 
t vacuum 
I 

1 ( ° C) I 
I 

(hours) I 
-7 I 

(1 O torr) 1 
I 

2020 

10 

2.2 

I 
I 
1 
J 
I 

' I 

2040 

1ll. 5 

2.0 

1-------- -----------~-------1--------1--------
I 
I 
I 
I 
I 
1 proton 
I dosage 
I 
I 
I 
I 
t 
I 

I 
enerqy (Me•) I 

I 
no. of sweeps 1 

I 
duration (min.) I 

-3 I 
meter ( 1 O coul) I 

-3 I 
actual (10 coul) I 

2 16 I 
per cm (10 p) I 

I 

I 
1. 0 1 

I 
2 ' I 
59 ' 

I 
17.4 I 

I 
1ll .6 I 

1 
2.00 J 

I 

1.0 

3 

70 

16.3 
I 

13. 7 I 
I 

2.50 I 
I 
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5.2 Field Profiles. 

The wave forms obtained at de fields above Hes are 

purely sinusoidal. However, as soon as the de field was 

lowered below Hcz , the wave forms of the proton irradiated 

samples showed a drastic r~duction in amplitude and a change 

in shape (Fiq. 5.1). Since the damaqe produced by the 

protons was conf iued to the reqion close to the surface 

(within the depth of 50 microns in the case of 3.2 Mev 

protons), the maqnetic field experienced no pinninq force 

beyond this surface region. The wave forms were very sma.l.l 

when the ac field was not larqe enouqh to penetrate beyond 

this surface pinninq reqion but as soon as the ac field 

exceeded this barrier, the wave form suddenly became larqe. 

The zero crossinq points of the wave for~s did not exact.ly 

coincide. The large amplitude wave forms which represent 

the deep penetration of the ac magnetic fie.ld into the 

sample tend to have phase laqs. This was believed to be 

the effect of the flux flov and the data points close to the 

zero crossinq points werP. excluded. 

The field profiles obtained from these vave forms 

shows the actual position dependence of the magnetic field 

inside the samplP.s (Fiq. 5.2). Several different ac field 

amplitudes were used for a complete field profi1e to improve 

the quality of the qraphs and they agreed ve11 in most cases 

(Fiq. 5. 3) • The profiles of the decreasinq portions of the 
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ac fields (dots in Fig. 5.2 and Fiq. 5.3) and the increasinq 

portions aqreed very well except when the amplitude of the 

ac field was too larqe. Some of the samples displayed a 

cvclinq effect and time dependent behavior at de fields much 

lower than Hc.z.,• 

5.6. 

These effects will be discussed in section 
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Fiqure 5.1 The wave forms at different de fields. 

Sample #18 after the 3rd irradiation. The ac 

field amplitude is 6 Oe. 

Ude:.= 7. 5 KOe (in the normal state). 

"de= 2.69 KOe. 

Hdc:= 2. 60 Koe. 

--- Hele:.= 2.48 KOe. 

The superconduct inq state wave f ocms are 

en larqed ten times. 



.. 
"'O ....... ,,,, ~ 
m I A 
~ ~· 

I 
I 
I 

I 

I 

86 

time 



87 

Figure 5.2 The field profiles at different de fields. 

Sample # 1B after the 3rd irradiation. The ac 

field amplitude is 6 Oe (wave forms of Fiq. 

s. 1). 

A Rd~= 2.69 KOe 

X. Hd~= 2.60 KOe 

Z Hd~= 2.48 KOe 
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Fiqure 5.3 Pield profiles with different ac field 

amplitudes. 

Sample # 18 after 3rd irradiation at Hd = 2.6 . c.. 
Koe. 

X with 2.5 Oe ac field. 

£::,. with 6.0 Oe ac field. 

z with 10 Oe ac field. 
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5.3 Measurements of Total Pinned Magnetic Field 

and Volum~ Pinninq Force. 

91 

Unfortunately, the phase shifts of the 

due to the normal skin effect 

normal wave 

and of the 

superconductinq state wave forms ~ue to the flux flow effect 

were not always easy to determinP- unambiguously. The slope 

of the field prof.ile needed in the calculation of the volume 

pinninq force depends not only on the above mentioned phase 

shift but also critically on the dep·th from the sample 

surface. and these effects made it rather difficult to 

determine accurately the volume pinninq force as a function 

of depth. However, the total amount of maqnetic field 

pinned by the surface pinninq reqion, Bt, was found to he 

quite insensitive to the above factors. Therefore. we have 

chosen to use the tota1 pinned magnetic field. Bt• when 

comparinq the pinninq behavior of different samples. The 

aliqnment of the samples durinq irradiation is such that the 

proton beam strikes normal to the sample surface. Smail 

deviations in this aliqnment will cause deviations in the 

damaqe profile and would lead to larqe errors when comparinq 

the volume pinninq force measure~ at a particular depth in 

different samples. 

The total pinned maqnetic field. Bt, is related to 

the total tnteqrated volume pinninq farce usinq Eq. 2.a. 



dB 
- dx !:::! 
dx 

where we have assumed 

µe.l/r ix max 
l' dx 

B v 
av O 
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, 
(5. 1) 

maximum depth to which radiation damaqe, and hence, flux 

pinninq occurs. Por J.2 Kev protons, x~-so micron. 

The results of the three successive irradiations of 

sample #18 and sample #16 are shown in fiqures 5.4 and S.S. 

These two samples displayed sharp peaks c:lose to H c..:z.• The 

inteqrated volume pinning force at fields above the peak 

seems to be little affected by the different proton fluence. 

However, Bt is observed to increase rapidly at lower de 

fields as the fluence increases. Thus, increasing the 

irradiation is found to decrease the de field where the peak 

occurs as well as red~ce the sharpness of the peak. The 

qraph of sample i22 is similar to that of sample #16 after 

the second irradiation but the other samples displayed much 

hiqher inteqrated pinninq f.orces with no noticeable peak 

effect (Fiq. 5.6). 

~he samples irradiated with 1.0 Mev proton~ did not 

show any conclusive trend except that samples 112 and 113 

displayed very large pinninq forces. ·rn fact. an ac field 

of 200 Oe or hiqher could pe.netra te a measurea.ble depth only 

when the de field was iust below Hcz and the increasing 

portions and the decreasinq portions of the field profiles 



were entirely different 

quantitative information 

samples CFiq. 5.7). 

from 

could 

each other. 

be obtained 
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Hence, no 

from these 

The volume pinninq forces are calculated from the 

slopes of the field profiles with an uncertainty 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 showed that the volume 

pinninq force is a critical function of the depth. For 

those samples which showed a siqnificant depth dependence. 

the volume pinninq force was calulated at two different 

depths. The volume pinninq force at the shallower depth 

was always smaller than the one at the deeper depth and had 

a sharp peak at a. higher de fie.ld (P'iq. 5.8 and 5.9). 



Piqure 5.4 The total pinned maqnetic field vs. the de 

fiel~ (Hc.:z.: 2.715 ± 0.005 KOe). 

Sample #18 (proton enerqy: 3.2 Mev). 

16 2 
total fluence 2.01 x 10 p/cm 
(after 1st irradiation). 

16 2 
total fluence 4.20 K 10 p/cm 
(after 2nd irradiation). 

16 2 
CJ total fluence 6.39 x 10 p/cm 

(after 3rd irradiation). 
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Fiqure s.s The total pinned maqnetic field vs. the de 

field (H~z! ~.715 ~ o.oos Koe). 

Sample #16 {proton enerqy: 3.2 Mev). 

16 2 
X. total fluence 4.07 x 10 p/cm 

(after 1st irradiation). 

16 2 
total fluence 6.30 x 10 p/cm 
(after 2nd irradiation). 

16 . 2 
C total fluence 8.95 x 10 p/cm 

(after 3rd irradiation). 
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Figure 5.6 The total pinned maqnetic field vs. the de 

field (HG:l.: 2. 715 ! o.oos KOe). 

16 2 
v sample #17 (total fluence4.53 x 10 p/cm ). 

16 2 
CJ sample #20 (total. fluence8.92 x 10 p/cm ) • 

16 2 
x sample #21 (total f1uence2.SB x 10 p/cm ). 

16 2 
.6. sample #22 (total fluence2. 32 x 10 p/cm ) • 

Proton energy: J.2 Mev. 
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Fiqnre 5.7 The total pinned maqnetic field vs. the de 

field (Hc.z.: 2.715 ! 0.005 KOe). 

16 2 
x sample t23 (total fluence2.06 x 10 p/cm ). 

16 2 
A sample #26 (total f luence2. 11 x 10 p/cm ). 

16 2 
v sample #27 (total f l11ence 1. 94 x 10 p/cm ) • 

16 2 
tJ sample t29 (total fluence1. e6 x 10 p/cm ). 

Proton enerqv: 1.0 Mev. 
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Figure 5.8 The volume pinninq force V'S. the de field. 

sample ·~~ 17 

x at the clepth of 15 + 2.5 micron. 

D at the <lepth of 30 + 5 micron. 
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Fig~re 5.9 The volume pinninq force vs. the de field. 

sample #22 

'X. 

0 

at the dP.pth of 15 z 2.5 micron. 

at the aepth of 30 • 5 micron. 

10~ 
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5.4 Proton Fluence Dependence of Total Pinned 

Maqnet ic Field. 

An incident proton prot'luces i·nterstitial-vacancy 

pairs in the material. which, at room temperature, migrate 

to form interstitial type and vacancy type dislocation loops 

(Se::. 5.5). Presumal.ly, 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 f laence of protons increases. If the 

recombination of the interstitial-vacancy pairs is not 

extensive, the number of defects produced by the irradiation 

is rouqhlV proportional to the proton f.luenc:e, ~p , and so 

is the total area of t'lislocation loops. 

i icm1x 
0

max 2 
<PP o<:. 

0 0 

f ex. D) D dD dx, 

(5. 2) 

where x'lllltX is the maximum penetration depth of the proton 

int~ samples ant'l f<x,D) is the density of the dislocation 

loops of diameter D at the nepth x from the sample surface. 

Since the elementary pinninq force fp is proportional to the 

square of the dislocation loop diameter D {Kramer 1975) , the 

fluence dependence of the total magnetic field pinned by all 

these dislocation loops, at, can be derived in cases of the 
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direct summation model and the FLL instability model unijer 

the assumption that the dislocation loops produced by the 

irradiation are the only p.inninq centers. 

1) Direct summation model. 

Prom Eq. 2.7 and Eq. 3.2, 

JD dB max -- o<. 0 f!X, D) f (D) dD 
dx p 

J.D o<. max 2 f (x, D) D dD, 

and 

x 
max 

dB 
4p. B =i dx o<:. 

t. dx 
0 

(5. 3) 

2) Quadratic summation model. 

'If the noi:malized size distribution of the 

dislocation loops to their averaqe size sav is independent 

from ~P, then Eq. 5. 2 becomes 

(xm1x s~ax f P c<. \j 
0 0 

ffx,s• l s• 4s' dx a(. s 
av 

(5. Ii} 
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where s•= s/s4~ and usinq Eq. 2.7 and Eq. 3.6r 

dB 

dx 

2 ;
5

~ax 2 2 
cC, S f (XrS 1 ) s• ds• oC s 

av av 
0 

and 

=j"max dB cf> 2 B dx oC 
t dx p 

(5. 5) 

The actual graphs of the total pinned maq.netic 

field, Bt • vs. the proton f.luence fp at the di.f ferent de 

fields (Fiq. S .10 to F iq. 5.13) sh.ow the follovinq results. 

The most significant data are those obtained .from a given 

sample which vas irradiated several times and measured after 

each irradiation. The dashed lines are drawn throuqh these 

data in ?iq. 5.10 to Fig. 5.13. For the de fie.ld very close 

to Hc.z r Bt was observed to be much less dependent on the 

proton fluence tba.n at lover de fie1d. 

near Hcz• the measured values of Bt were nearly the same for 

samples which experienced quite different tota1 fluences. 

However, Bt was observed to depend more stronq.ly on fluence 

as the de field decreased below the peak. In some cases 
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Bt oc:.~p were n v 3 and in nearly all cases n· > 1. We 

observed no evidence for a saturation ef.fect for fluences up 
lb z to 8x10 -protons/cm • ffe were unable to qo to hiqher 

fluences since the small amplitude ac field approaximations 

essential for the measurement method is no lonqer valid at 

the larqer amplitudes necessary to measure Bt> 100 Oe. 

An explanation of the hiqh fluence dependence at the 

low fi~ld could be the existence of some threshold. 

However. the threshold pinninq force proposed by Labusch 

(1969) is much hiqher than the elementary pinninq force of 

these dislocations {An1aneyu1u and Rollins 1979) and 

therefore totailv inappropriate (Sec. 3.2). If there 

exists a lover threshold for some reason. it miqht explain 

this stronq fluence dependence (Sec. 6.2) •. 
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Piq11re 5.10 Total pinned maqnetic .field vs. the proton 

fluence at 2.66 Koe de field. 

x sample #16 

v sample 117 

A sample #18 

0 sample #20 

J81 sample #21 

1f. sample #22 

Solid lines represent linear and quadratic 

slopes. 
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F1qure 5.11 Total pinned maqnetic field vs. the proton 

fluence at 2. 60 Koe <le fielti. 

x sample #16 

'V sample 117 

A sample #18 

0 sample #20 

18 sample #21 

v. sample #22 

Solid lines represent linear and quadratic 

slopes. 
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Fiqure 5.12 Total pinued magnetic field vs. the proton 

fluence at 2.48 KOe de field. 

x sample #16 

" sample #17 

~ sample #19 

0 sample 1no 
\gJ sample #21 

* sample #22 

Solid lines represent linear and quadratic 

slopes. 
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P'iqure 5.13 Total pinned magnetic field vs. the proton 

fluence at 2.JO KOe de field. 

x sample 116 

v sample 117 

~ sample #18 

0 sample #20 

1Bl sample #21 

11. sample #22 

Solid lines represent linear and quadratic 

slopes. 
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5.5 The Dependence of Total Pinned Maqnetic Field 

on Subsequent Heat Treatment. 

Sample i20 vas annealed successively for 
0 Q 

approximately one hour each at temperatures of 135 c, 365 c, 
415° c and 579° c. The results of Bt versus lldc;, measured 

after each anneal is shown Piq. 5.14. The chanqe in the 
0 

pioninq behavior by the annealing at 135 c was minimal but 

annealinq at a temperature of 365° c and above p.roduced 

marltedly different volume pin.ninq forces and their field 

dependence. The chanqes at de fields close to H~z were 

hardly noticeable while the volume pinninq force was reduced 

drastically at de fields much lower than Hc.2.. These 

results aqree with the qeneral assertion that samples with 

small volume pinninq forces also exhibit a sharp peak effect 

(Sec. S. 3). 

Chanq and Chen (1977) reported the annealinq behavior 

of ~islocation loops in pure niobium (Fiq. 5.21). They 

irradiated a thin sheet of moderately pure niobium 

(commercial qrade 99.85%) with fast neutrons of fluence of 
19 0 

8x10 per cm at a temperature of 80 c. Afterward, they 

annealed it successively at several different temperatures 
Q 0 

from 350 C to 1000 C for about one hour each in a vacuum of 

about 107 torr. The defects present were studied usinq 

transm·issi•o·1r elec.tron microscopy at each staqe. They found 

two types of defects after irradiation. The defects found 
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were vacancy type dislocation loops of diameter around QS A 

and interstitial type dislocation loops of diameter from 160 
0 0 
A to 600 A. '?he large interstit.ial type loops consisted of 

several clusters which transformed into a sinqle dislocation 

loop upon subsequent annealing. They also reported the 

interstitial type loops were found only in the interior of 

the qrains while the vacancy ty~e loops were distributed 

unif ormlv. Accordinq to the report, the principle chanqe 

made by annealing 

decrease in the 

dislocation loops. 

0 at 350 c, was an approximately 45 3 

density of the small vacancy type 
• 0 Tn contrast, the annealinq at 490 c and 

0 
550 c chanqed the overall dislocation density little but the 

size of the larqe loops decreased while the small loops 

increased in size which made the tvo kinds of dislocation 

loops indistinquishable. 

The sharp decrease of the volume pinninq force at low 
0 0 

de field by the aonealinqs at 455 C and 579 c, compared with 

the report by Chanq and Chen, seems to suqgest that the 

larqe dislocation loops are responsible for the volume 

pinninq force at the lov field and the role of the small 

loops is not sig·nificant. However, at fields close to H,2 • 

almost all s.izes of' dislocation loops contribute to the 

volume pinninq force. This suqqests that there may be a 

pinninq threshold which decreases faster than the elementary 

pinninq farce as the field approaches Hc..z. so that the 

elementary pinninq forces of the small loops are above the 



threshold at hiqh maqnefic field 

threshold at low field. 
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but fall below the 



121 

Fiqure 5.14 Total pinned magnetic field vs. the de field 

(sample #20). 

)(. room temperature 

1&\ one hour at 135 c 

fl one more hour at 365 c 

v one more hour at 415 c 

a one more hour at 579 c 
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Fiqure 5.15 The size distribution of th~ defect cluster in 

pure Nb as a function of the annealinq 

temperature (Chanq and Chen 1977). 



it> 

100 

98 

96 

94 

92 

I 90 
E 

<...) 88 

- 10 

->-
f-
Cf) z w 
0 

a.. 
0 g 
_J 
__J 
<l: a:: w 
~ 

8 

6 

4 

2 

20 

18 

16 

14 

12 

10 

8 
6 

xl014 

AS - IRRADIATED 

(a) 

ANNEALED AT 480°C 

(b) 

24 ... 
xlO 

22 

20 -

18 ·-

16 

14 

12 -

10 ·-

8 

6 

4 

111014 

ANNEALED AT 550°C 

(c) 

(d) 

4 ANNEALED AT 800 ° C 
2 (e) 

12.4 

4 xl014 ( f) 

.......................... ....__..~.....:.-.:!..I-.~_...,........._. .~L:E~: A~ ~:
0

1c ,j 
80 240 400 560 "f20 160 320 qao 640 

160 320 480 640 80 240 400 560 
0 

LOOP SIZE. A 



5.6 Time Dependence of Total ~inned ~aqnetic Field 

and Cyclinq Effects. 

125 

Perhaps the most siqnificant new findinq in these 

experiments is the observation of a time dependent behavior 

of the volume pinninq force at low maqnetic fields. A 

small cyclinq effect and a sliqht decrease of the total 

pinned maqnetic field. Btv over a few minutes are observed 

at low de fields in most 0£ the samples but the size of the 

effect was usuai~v less than S 3. However. sample #16 after 

the 3rd irradiation showed much more evident time depen~ent 

and cyclinq eff.ects. Immediately after the field was 

brouqht down to 1.88 KOe from above Hcz. a clear 30 3 

reduction in B~ durinq the first ten minutes was observe1 

when a 40 Oe ac field was used (Fiq. 5.16). This sample 

also displayed a larq~ cyclinq effect (Fiq. 5.16 and 5.17). 

However, when a 60 oe ac field was used, the decrease of Bt 

with time and the cyclinq effects were less profound than 

those observed 11sinq a 40 Oe ac field (Fig. S.17). Only 

small effects were observed when a 90 oe ac field was used. 

Since it is unthinkable that the crystalline defects 

themselves chanqed their structure at liquid helium 

temperature, the dependence of the FLL structure on time and 

field history miqht te resposible for the time dependent and 

cvclinq effects (Kupfer and Gey 1977). There is a 

temptation to suspect that this decrease in the volume 
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pinninq force with time is a universal phenomenon but that 

the time constants are too short or too lonq in most cases 

to be observed readily since it takes several minutes to 

complete one field profile measurement. 
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Piqure 5.16 The time dependent behavior of the volume 

pinninq force. The field profiles of sample 

It 16 after the 3rd irradia·tion. 

with a QO Oe ac field. 

H :: 1.88 KOe 
de.. 

Non-cycled state (the maqnetic field was 

brouqht down from above Rc,z>• 

E 1 minute later. 

A 10 minutes later. 

X 20 minutes later. 

cvcled state (the maqnetic field was hrouqht up 

f ram below "c.l). 

x 1 minute later. 

6 10 minutes later. 

x 20 minutes la tor. 
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Fiq~re 5.17 The time dependent behavior of the volume 

pinninq force. The field profiles of sample 

#16 after the 3rd irradiation. "de= 1.88 KOe 

with a 60 Oe ac field. 

No.n-cycled state. 

181 1 minute later. .. 10 minutes later .. 

Cycled state. 

x 1 minute l.ater. 

~ 10 minutes later. 
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5.7 Summary. 

The following is a brief summary of the general 

experimental results which are not adequately explained by 

current theories. 

1) & peak was observed in most samples in the volume pinninq 

for~e near Hcz• When the overall pinninq force is small, 

the peak is sharp and occurs at a field 1ust below "c.~.: As 

the overall pinninq force increases, the peak moves to a 

lower field and its sharpness decreases. 

2) The volume pinninq force increases faster than 

quadratically with the proton flnence at fie1ds below the 

peak but the increase is much slower at fields above the 

peak. 

3) some samples display the cycli·ng effect and a time 

dependent effect in the volume pinninq force. These 

effects depend sensitively on the nature of sample and also 

on the ac field amplitude. 

Since it is hiqhly unlikely that the increase of the 

proton fluence actually reduces the crystalline defect 

density, the proqressive shift of the peak to the lower 

maqnetic field as the proton fluece increases (item 1 above) 

can not be explained bv the svnch't'oni'2!ation proposition 

(Se:. 3.3). If the increase of the elementary pinninq 

force is responsible f.or this shift, the fact that the 

volume pinninq force increases more at lower maqnetic field 
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(item 2 above) might suqqest tha existence of a pinning 

threshold much smaller than the threshold of the FLL 

instability model. If such pinniuq threshold exists ~or 

some reason. tke small pinninq centers which can not 

contribute to the volume pinninq force may qrow larqer and 

come into pla v as the proton fluence increases. However. 

this effect may not be observed at fields close to II~ 

because all the pinninq centers may already be above the 

threshold at low proton fluences. 

It is very hard to imaqine that the crystalline . 
-.;tructure wou.ld chanqe or depend on the history of the 

maqnetic field at liquid helium temperature and we can 

safely assume that the structural chanqe of the PLL causes 

the cvclinq effect and the time dependent bahavior of the 

volume pinninq force. It seems to be quite possible that 

thP. FLL structure depends on the field history or has some 

time constant in its response to the external field (Chapter 

6). 

Finally, electron microqraphs taken on similarly 

prepared proton irradiated Nb samples by Anjaneyulu (1977) 

(Anianevulu and Rollins 1979) show the density and size of 

the dislocation loops obtained. This allowed a comparison 

between measured and calculated values of the volume pinning 

force, Fv· Usinq the PLL instability model they found Ey 

calculated was about two to three orders of maqnitude 

smaller than the measured value. Anianeyulu (1977) also 
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found the dislocation 1oops (although rather large in size 
0 

with averaqe diameter of about 300 A) have an elementary 

pinninq force, fp, which is about three orders of maqnitude 

below the threshold predicted by the FLL instability model 

(Labusch 1969 and Kramer 1976}. Thus, unless we neqlect 

the threshold criterion, we would not expect to see any 

pinninq at all in our sample$. 



Chapter VI 

Flux Line Lattice Defect Instability Model 

6. 1 .Introduction. 

It is clear from the experimental evidence that flux 

pinninq is observed when the elementray ?inninq force. fp, 

is several or~ers of maqnitude below the threshold predicted 

by the Labusch statistical summation model vhich we have 

referred to as the FLL instability model. The threshold 

appears in this model because it requires an instability in 

the deformation of the perfect PLL by a local pinninq 

center. The existence of the instability is essential in 

the model in order that the stastical summation leads to a 

non-zero volume pinninq force. This leads to the 

calculated threshold which is too larqe. 

We suggest that vhat is needed is a different type 

of instability in the flux line lattice. Clearly the 

evidence suqqests that the previously suqqested instability 

in a perfect lattice is not the correct instability. What 

follo~s in this chapter is a proposed instability mechanism. 

The proposal is qualitative in nature but could lead to more 

quantitative calculations. consideration of the particular 

mechanism suqqested below for the instability may lead to 

further suqqestions of other complex instabilities. 
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We propose that the instability which leads to a 

lower threshold pinninq force depends on the motion o·f 

defects which are present in the FLL. The existence of such 

FLL defects (PLLD), especially FLL dislocation lines, has 

been well accepted for some time (see Chapter 2.3). We are 

led to suqqest FLL defects are the key to the instability 

partly because of the experimental evidence that the volume 

pinninq force depends on the structure of the FLL. For 

example, the cyclinq effect which ve observed (Sec. 5.6) and 

has also been reported by others (Kupfer and Gey 1977), 

shows that the volume pinninq force in certain situations 

depends on the maqnetic field history of the sample. Also, 

Campbell. and Evet·t ( 1972) o.bserved larqe ch anqes (factor of 

three) in the volume pinninq force when edqe dislocations 

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 ~islocations in the FLL will have on the volume 

pinninq force. However. the unstable motion of FLL 

dislocations has not been sugqested as a possib1e source of 

an instabilitv in the PLL which may also lead to a low 

pinoinq threshold. Attention has been given to the 

possible effect of PLL dislocations on the elastic constants 

of the PLL (Kramer 1978). There have been several 

suqqestions that PLL dislocations move easily throuqh the 

FLL (Schmucker 197q and Kramer 1978) and that the 
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interactions between pinninq centers and FLL dislocation 

lines are stronq (Kusayanaqi and Yamafuii 1969, Schmucker 

1974, cha.nq et. al. 1969, a.ad Campbell and Evetts 1972). 

In this 

suqqestions of 

defects (Pl.LO) 

chapter, we assumed that many of the 

others abo.ut the motion and pinuinq of FI.1. 

are true. It is assumed that the FLLD 

movement through the FLL can be induced by pinning centers. 

A model . is described in some detail which indicates that 

motion of the FLLD in the presence of pinninq centers can 

qive rise to a new type of instability in the FLL and hence, 

can qive rise to a volume pinainq force. The model is 

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 and therefo~e, it will be 

referred to as the F.LLD instability model. This model is 

combined with the statistical summation meth~d to obtain a 

qeoeral relationship between the elementary pinninq force 

and the volume pinning force. 

6.2 FLLD Instability ~odel. 

It is assumed that the elementary pinning force is 

below the threshold of the PLL instability mode1 and hence, 

the statistical summation over a11 pinning centers would 
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lead to zero volume pinninq force on a perfect FLL. 

However, a pinninq center exerts a local force on the F~L 

causinq a stress-strain field around the pinninq center. 

If there is a FLLD not far from this pinninq ce·nter, it will 

experience a force throuqh the interaction of the FLI. 

stress-strain field induced by the pinniuq center and the 

PLL stress-strain field of the PLLD. ~t is shown that if 

the interaction force between the pinninq center and the 

FLLD is 1arqe enouqh to move the FLLD (a new, and much 

lower, threshold criterion), then there is an instabil.ity in 

the position of the PLLD related to the pinning center and 

also an instability in the positions of the flux lines 

a round the F.Lr. D. 

6.~.1 Forces Actinq on a FLLD. 

The followinq four forces ma·y act on a PLLD. All 

the position vectors are with respect to the ideal 

undistorted PLY.. 

a) A FLLD at r 1 will experience a periodic force 

Ft (r1 ).::A H 1 (r1 ) as it moves throuqh the PLL due to the 

periodic structure of the FLL. ff I (r I ) is a periodic 

function varinq betweea 1 and -1 and bas the periodicity of 

the FLL and A is a constant which depends on the intrinsic 
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superconductinq parameters and the type and the shape of the 

PLLD. 

b) The pinninq force of a point pinninq center at r~ 

can be expressed as F=fpH 1 (r~) if the FLL is otherwise 

undistorted, where f p is the elementary pinninq force and 

H~r,> is another lattice periodic function varinq between 1 

and -1. However, in the presence of a FLLD at r 1 , the 

pinninq force is F=fpa1rr~-u(r~-r1 ) 1 where u(ri.-r1) is the 

iistortion of the PLL at r~ due to the PLLD at r 1 • The 

pinninq center then induces a force Pz..=P G(r2.-r1 ,F) on the 

FLLD due primarily to the interaction of the stress-strain 

fields of the .PI.LD and the FLL distorted by the pinninq 

center. Generally we would expect G(r1 -r
1

, P) to be a weak 

function of F which reaches a maximum for small r~-r1 and 

approach zero as r1-r 1~oo. 
c) The FLLDs interact with each other. 

d) kny general flux density gradient will produce a 

net force on the FLLD. 

6.2.2 oriqin of the Instability. 

Let's consider a one dimensional case of a single 

pinninq center at x~movinq from neqative infinity toward a 

FLLD. The forces (c) and (d) above do not exist in this 
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case and aqain all the positions are with respect to t.h~ 

ideal undistorted FLL. 

The FLLD will take a position in the PLL such that 

the total force, Ftr on the FLLD is zero. 

or 

·=A H
1

lx1l + f H [x -u(s)J G(s) = o r z ~ 

H (x -u (S) J & z.. 
(6. 1) 

where s=x J -x.2. and G (_s) is maximum when s=O and qoes to zero 

as s., '° . When fr is equal to oc smaller than A/G (0) r which 

will be called the critical pinninq fo~ce f~r Eq. 6.1 has at 

least one real root for x, in all periods of Hr (Xl) Orr in 

other words. the FLto is stable reqardless of the distance 

from the pinninq center. The FLLD simply qoes throuqh an 

oscillatory motion as the pinninq center produces a periodic 

force as it moves throuqh the FLl.. The whole process is 

reversible and there is no volume pinninq force. However, 

if f p > f c • there exists a value s 0 

Then Eq. 6.1 bas no real root for x when Jst<s and the 
0 

pinni nq force F = ff H .2.(.x:z_-u) becomes larger than fc- (Fig. 

6. 1). If a FLLD is in this instability reqion, it will 
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;ump irreversibly out of this region. thus. producing the 

instability which is essential for the volume pinning force. 

The critical pinninq force, fc, which is the minimum force 

ne~assarv to move a PLLD, is much smaller than the force 

required to move the flux lines or the pinninq threshold of 

the FLL instability model (Sec. 6.4). 

The maximum force on the FLL to move the FLLD will 

occur when the pinninq center just comes to within the 

distance s0 of the FLLD. If the pinninq force reaches its 

positive maximum at this point, the FLLO will be pushed away 

from the pinning center and stability will be restored 

immediately. ffowever, when the pinninq force reaches its 

neqative maximum after the above process or when it first 

comes into the instability ranqe (Fiq. 6.2 a), the FLLD at 

x 1CA. will be pulled toward the pinninq center at 

H2.(x1o--ucx 1o..-xi,.G.> l=-1 and G(x 1 ~-x 1Gl=A/fp• The 

xtca. where 

FLLD does 

not stop immedia tl y because G (s) increases as s=x -x 
' 2.. 

de::reases while the pinninq force F at its peak does not 

change rapidly, which makes F = 2.. F G (s) even larger as the 

FLLD moves toward the pinninq center (Piq. 6. 3). However, 

the distortion U (S) becomes large as the distance s 

de=reases and the pinninq force F and, therefore, F'l.. starts 

to decrease until the PLLD reaches x / b where 

fPH2.r ic1o..-u (xlb -x 1oJ 1=-A/G (XLb-x:2.o.! and stability is restored 

(Fiq. 6.2 b). ~eanvhile, the pinninq center has not moved 

althouqh the pinninq force chanqed due to the movement of 
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the flux lines around it. The pinning center moves 

reversibly afterward until it reaches xzc and the pinning 

force becomes larqe enouqh to move the FLLD aqain i.e. 

In this staqe, the 

pinnincr center pushes the 1"LLD away· as it moves until the 

pinninq force reaches its peak at where 

The process becomes 

reversible aqain afterward until the pinninq force reaches 

its neqative maximum which is the beqinninq of the next 

cycle. Therefore. the averaqe pinning force over a cycle, 

1 le p ·- 'E dx 
av L 2 

1 [he P +~d F •_he P dxi] ::a - dx dx 
L 2 2 • 

But 

__;,c F dx =lae F dx = 0 
2 2 

beca11se of the pi:!riodic nature of Pz (.Xz.) • Therefore, 

F' • ~ /d F dx 
av L _}c 2 



where 

= ~ /d 
L Jc f. H f x -u ( X - x ) 1 dx 

p 2 2 1 2 2 

- f c (f ) 
P P r 

H <x -u(x -x )> dx c (f ) 
p 
--_, }cd 

L c 2 2 1 2 2 

and L is the FLL constant. 
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(6. 2) 

( 6. 3) 

The detailed behavior of C (f p) is complicated and 

obviously depends on the type of pinning center and the type 

of P'LL de.feet. However. we can speculate about the qeneral 

qualitative behavior of C(fp>• When f p < fc.r C(fp) and the 

volume pinninq force are zero. l\S f p increases above fe,.r 

the instability range and, therefore, the FL'LD movement and 

c (fp ) increase rapidly. However, when f p >> fc.,r the 

further increase Of fp miq.ht increase the ranqe of the FLLD 

movement but does not increase c (f p ) much because the 

distortion i.n the FLL at the pinning center is small when 

the FLLD is far away. The limitinq maximum in C(fp) for 

the one dimensiona1 case of a single PLLD and a s~nqle 

pinninq center with a sinusoidal force is 
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1 
dx -= 

"fl • 
(6. 4) 

The ~olume pinninq force which is a sum of the averaqe 

pinninq forces should. therefore. depend linear1y on fp w~en 
fp>> fc.. and decrease rapidly t.o i:ero as fp approaches fv. 

In the real case. the FLLD may move around the 

pinninq center left behind rather than stayinq in the line 

of the pinninq center movement. thus. reducinq C(fp) 

considerably. However. unless the pinninq center dens.ity 

is very low or the instability ranqe is too small (fp = fc>• 

there might always be at least one pinninq center within the 

instability ranqe from each FLLD. Purthermore, the 

movement of PtLD affects not only the pinninq center which 

causes the movement but all the pinninq centers under its 

influence. Therefore. even if the F~LD density is not hiqh 

enouqh so that every pinninq center corresponds to one FLLD, 

still most of the pinninq centers could be under the 

influence of at least one PLLD and contribute to the volume 

pinninq force. 
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Figure 6.1 The force on a FLLD. 

(a) without the pinninq center (fp = 0). 

(b) when fp < fc... 
(C} when fp > fc... 
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Fiqure 6.2 The relation between a pinninq force and a FLLD 

when f F > fc· 
(a) The beqinninq Of the instability (the 

pinninq force is at its neqative maximum). 

(b) The end of the instability (the pinning 

force decreased but the pinninq center did 

not move). 

(c) The beqinninq of the next instability. 

(d) The end of the instability (the pinninq 

force is at its positive maximum). 

(e) The beqinninq of another cycle. 

(f) The pinninq force during a complete cycle. 

The PLLD moves (a) to (b) in one step but moves 

(c) to (d) qradually as the pinninq force 

increases. 
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Fiqure 6.3 The relation between the pinninq force and the 

FLLD position durinq the step from (a) to (b) in 

Fiq. 4.2. 

(il) Pinninq force vs. position of a pinning 

center. 

Perfect FLL. 

FLL with FLL defect. 

(b) Force on a FLLD vs. Position of the FLLD. A 

pinninq center is at oriqin. 

(1) The beqinninq of the instability. 

(2) In the middle. 

(3) The End of the instability. 
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6.3 Origin of FLLD. 

The flux line lattice is known to contain defects of 

various types. However. little is known about how these 

defects are c~eated or how thev affect the macroscopic 

superconductinq properties of a material. 

The flux line density qradient seems likely to be 

achieved by the introduction of edqe dislocation lines 

rather than by a qradual density chanqe. However. this can 

not be considered as a F~tD source which leads to the flux 

pinninq since the volume pinainq force is a prerequisite to 

the flux density gradient. The displacement of the flux 

lines. even by the larqest pinninq force available. is 

qenerally too small to produce the FLL defects except at 

fields very close to Bel or Hc:z. and .it is quite un1ikely 

that a pinninq center can be a source of the FLI.D in qeneral 

(Se:::. 2. 2). However. the displacements of the flux lines 

by a pinninq force can be larqe at a field very close to "ct 
or llC.2.. The pinninq center can be a source of the FLLD wh.en 

the displacement of a flux line is equal to or larger than 

the FLL constant. Furthermore. since a sample must pass 

either H cl or H c~ to reach t.he mixed state. if the FLLDs 

created when the field is close to H c.l or He.z stay in the 

FLL. The PLL could have many de£ects 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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When the maqnetic field increases, the new flux 

lines penetrate into the sample throuqh the surface. The 

flux lines may not e·nter uniformly due to irreqularities in 

the sample surface or in the external maqnetic field. thus, 

forminq the FLL defects. Also the FLL defects may be 

formed durinq the FLL formation itself at Hc.z.· 
A two dimensional vacancy or an interstitial can, 

rouqhly speakinq, be considered as two edqe dislocation 

lines face to face and the enerqv required to produce a pair 

of dislocation ljnes is smaller than the enerqy required to 

produce a vacancy-interstitial pair. A dislocation line 

also has a specific qlide plane and it is possible for 

dislocation lines to be annihilated only when tvo identical 

dislocation lines of opposite siqn are close toqether on the 

same qlide plane. compared to dislocation lines, vacancies 

or interstitials should be produ~ed in small numbers and 

also they can be readi1y annihiiated. Furthermore, when 

two edqe dislocation lines are not on the same qiide plane, 

they do not simply repel or attract but they have well 

defined equilibrium positions with respect to each other 

(Fiq. 6.q). Therefore, the movements of the dislocation 

lines are guite restricted and even when the maqnetic field 

moves into the ranqe where the PLLD can not be produced, 

still a larqe 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 smail tbat the pinninq 
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centers can easily move the flux lines and as the field 

increases beyond this region. vacancies and interstitials 

miqht recombine leavillq the dislocatio.n lines as the major 

FLLD. 
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Fiqure 6.4 The forces and the stable confiqurations between 

parallel edqe dislocation lines (Kovacs and 

Zsolnos 1973) • 

(a) The force actinq between two edqe 

dislocation lines with perpendicular Burgers 

vectors. 

(b) The £orce 

dislocation 

vectors. 

acting between two edge 

lines with par~llel Burqers 

(c) The stable confiqurations between two edge 

dislocation lines with perpendicular aurqers 

vectors. 

(d) The stable confiqurations between two edqe 

dislocation lines with parallel Burgers 

vectors. 

The dislocation lines enclosed by trianqles are 

considered as fixed. The arrows indicate the 

direction of the force on the dislocation which 

is free to move alonq its glide plane. 



(a) 

(b) 

F x 
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644 Critical Pinninq Poree. 

Althouqh the FLL is known to contain defects of 

vari~us types. it may be sufficient to consider only FLL 

dislocation lines since defects of other types are lov in 

density and their critical pinning forces should be larqer 

than that of the edqe dislocation lines. A calculation of 

the ::ritical pinninq force requ.ires a complete u.nderstandinq 

of the PLLD and its interaction with pinning centers. 

However. a qeneral comparison with the pinninq threshold of 

the PLL instability model can be made using the resu.l ts of 

ordinary dislocation theory applied to crystalline lattice. 

Peierl • s model qi ves the stress s%J. at a distance x 

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

b 2x 
s'X.j = ~~-sin (-2 arctan ~) 

27Cc s 
(6. 5) 

·where s=c/ ( 1- V ) • '1 =)./ 2 (A+ f-> and b is the Burgers vector 

which is the distance between the lattice points alonq the 

qlida plane; c is the interlayer distance; A. is the bulk 

modulus and fl is the shear modulus. For two dimensional 

cases, .A and /A- are c 11 and c 60 res pee ti vely (Sec. 2. 2). The 

critical shear stress to move a dislocation line (Peierl's 

stress). st• is qiven by (Kovacs and Zsoldos 1973) 
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2 - 2 7t c/b ( 1- '\T ) 
SC.= e 

1-~ 
(6. 6) 

In the case of the trianqular flux line lattice (c/b=f.3/2) 

and A >>f-• V = o. 5 and the critical shear stress is 

(6. 7) 

Kramer (1973) estimated the critical shear stress for the 

perfect flux line lattice to be about J-V6· Thus. the stress 

needed to move a FLL edqe d~slocation line is about three 

orders of maqnitude smaller than the stress needed to move 

the flux l~ne itself. On the other hand. the interaction 

force between a FLL defect and a pinninq center seem to be 

similar to the interaction force between a flux line and a 

pinninq center. Kusayanaqi and Yama£uji (1969) estimated 

the interaction enerqy between a FLL edqe dislocation and a 

crystalline screw dislocation and obtained a value of same 

order as the sinqle flu.a: li.ne interaction with a crystalline 

screw dislocation. If other pinninq centers act simila~y. 

the critical pinning force miqht be about three orders of 

maqnituae sma1ler than the pinninq threshold of the PLL 

insta.bili·tv model. In case of crvstalliae dislocation lines, 

this estimation of the critical stress generally qives a 

value which is one order of maqnitude larqer ·than the value 

obtained experimentally. If the PLL ~islocations lines act 
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similarly, the maqnitude of the critical force needed to move 

a FLL dislocation may be near four orders of magnitude less 

than the pinninq threshold of the FLL instability model. 
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Fiqure 6.5 I1lustrative diaqram describinq ~he peak effect. 

The sca1es are arbitrary. 

(a) The elementary pinninq force, f p • and 

critical pinning force. f~. 

(b) C(fp) qoes to zero where fp = fc, 

(c• Fv == fp c (fp> has a peak. 

t.he 
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6.$ Interpretations of Exp~rimental Results. 

To calculate the volume pi.nninq force and its 

behavior, the types and the shapes 0£ the PLLD and their 

densities sbo~1d be determined first and this seems to be 

beyond immediate reach. Hovever, much of the experimental 

phenomena previously unexp1ained can be explained at least 

qualitatively by the PLLD instabi1ity model. In this 

section, the experimental results a.re explained one by one in 

terms of the PI. LD instabili tv mode.l. 

6.5.1 Specific Pinninq Force vs. Volume Pinninq Poree. 

The specific pinninq force Q (the volume pinninq 

force per pinninq center) or the ave·raqe pinn.inq force is 

several times smaller than the elementary pinninq fo.rce, fp, 
even if all the pinninq centers are under the full influence 

of a FtLD all the time {Sec. 6. 2). Q, in a real case, 

should be even sma1ler since the FLLD density may not be as 

hiqh as that of the pinninq centers. The experimental 

resu1t (see Sec. l.3 and Piq. 3.2) that Q is about one order 

of maqnitude smaller than fp aqrees well with this model. 

Specially, the FLLD instability model predicts the dependence 

Of Q on is rouqhly linear when fc.. but Q sho11ld 
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decrease to zero rapidly as f p approaches fc,.. which is about 

four orders of maqnitude smaller than the pinniuq threshold 

of tbe PLL instability mode1 • This prediction aqrees well 

with the experimental results summerized by Kramer in Fiq. 

3.2 as discussed in Sec. 3.3. 

6.5.2 Proton Fluence Dependence of Volume Pinning Force 

and the Peak Effect. 

The elementary pioninq force increases rapidly as the 

maqnetic field decreases from H c.2. and so does the volume 

pinni nq force. As the field decreases further, the critical 

pinninq force increases more rap·idly than the elementary 

pinning force does (Schmucker and Brandt 1977) and whe.re 

these two values become equal, the volume pinninq force goes 

to zero rather abruptly, thus, producinq the peak e~fect 

(Piq. 6 .. 5). In reality, however, there is al.ways a 

distribution in the size of the pinninq centers and also in 

the direction of the qlide planes of the FLt 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 pea.k occurs just below Hc:z, and the 

volume pinninq force qoes to 2ero or becomes very small beiow 

the peak producinq very sharp peak effect. When the pinning 
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centers are larqe or the proton fluence increases. presumably 

the size distr:ibut.ion of the pinninq centers a1so becomes 

broad making tbe peak less sharp and sbiftinq it to a lower 

field. When most of the elementary pinninq forces stay 

above the critical pinning force over the whole field .range. 

as in the case of pinninq 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 hiqh at the low field since the pinninq centers 

which are too small to contribute to the volume pinning force 

at the low proton fluence may ~row larqe eoouqh as the 

fiuence increases. the dependence is much smaller at hiqh 

fields since the smallest pinninq centers may a.lready 

contribute to the volume pinninq force at the low fluence. 

6.5.l Cyclinq 2ffect and Time Dependence of Volume Pinninq 

Poree. 

The density of the PJ.L dislocat.ions could be quite 

different dependinq on whether they were formed with the PLL 

at Hcz and by the pinning centers as the field decreases or 

produced at the surface when the flux lines enter the sample 

as the 

averaqe 

field increases. 

number of the 

Since c Cf p ) should depend on the 

PLLD per pinninq center, this 
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difference in the F.LLD density could be resposible for the 

cyclinq effect. 

The FLL interstitial-vacancy pairs or even some FLL 

dislocation lines will recombine after they are produced. 

This reduction of the FLLD density miqht have caused the time 

depe.ndence of the volume pinninq force. Kupfer and Gey 

(1977) investiqated the cyclinq effect of various samples and 

founi oulv samples with pinning centers which displace the 

FLL by one hundredth to one tenth of the FLL constant also 

displayed cvclinq effects, while samples with larqer pinninq 

centers or smaller pinninq centers did not display the 

cyclinq effect. When the elementary pinninq force is larqe, 

the pinning centers may restrict the PLLD movement and the 

recombination miqht not be extensive. on the other hand, 

when the elementary pinninq force is very small, the time 

constan·t 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 by room temperature irradia·tion with 3.2 Mev 

or 1.0 Mev protons and their maqnetic flux pinninq behavior 

at 4.2 deqrees kelvin was examined. In spite of similar 

sample treatment, the volume pinninq force and its maqnetic 

field dependence were found to he quite different from 

sample to sample. Nevertheless, a low volume pinninq fo~ce 

is accompanied by a sharp peak at a field close to H~ while 

samples with a hiqh volume pinninq force display a weak peak 

at a lower field. Two samples vere irradiated in three 

successive steps and their volume pinuinq forces increased 

sharply at low magnetic fields as the proton fluence 

increased. At fields close to H~, however, the increase 

in the volume pinning force was not as rapid nor was there 

such larqe differences between samples. 

One of the samples showed a large cyclinq effect and 

a noticeable decrease in the volume pinninq force over a 10 

minute interval at an external field of 1.88 KOe or lower 

and when a 40 Ce ac field was used. These two effects 

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

intermediate in magnitude as compared with other samples. 

7.2 PLLD ~nstability Model. 

A new summation model of flux pinninq based on the 

instability in the movement of the flux 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 instability model, the pinninq 

center can produce an instability in the movement of a flux 

line lattice (FLL) defect. This instability results in a 

net force when averaqed over all possible positions of the 

pinninq center and qives rise to a volume pinninq 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 qeoeral pinninq behavior. 
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Appendix A: Attempted Computer Calculation of 

the critical Pinninq Force. 
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The FLLD instability model is based on the movement 

of the FLL def.ects. Althouqh it is qenerally believed that 

FLL defects move easily (Schmucker 1974. Kramer 1970), the 

exact value of the minimum force on a flux l.ine required to 

move a nearby Flt defect (critical pinninq force. see 

Section 6.4) is not clearly known. 

An attempt was made to find critical pinninq force 

to move a vacancy type FLL defect by constructinq a 

simulated flqx line lattice using an IBM 370 computer. 

The interaction for:ce. F;j • i:Jetween two lattice points 

sep.1rc1te<l by cl rli.StiJnCe r.~j is qiven lly (Tinkham 1'J75, sc~e 

Sec. 2.1) 

F•• 1.J 
(A. 1) 

where +
0 

is the flux quantum• ~ is the magnetic penetration 

depth and Kl (r) is the first order Hankel function of 

imaqinary arqument. K1 (r) decreases exponentially as r .i,.oe 

and varies as 1/r as r ~ O. 

A two dimensiona1 tridnqu1ar lattice of size 17 x 17 

with a fixed 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 were 

relaxed until the nEt force on each lattice point was less 

than a preset value. The calculation included up to the 

third nearest neiqhbor contributions to the force on each 

lattice point. The result of this calculation qave an 

approximate structure for a vacancy type defect in the FLL. 

Startinq 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, f~· was obtained at each 

step with all at.her lattice points relaxed. This result 

was compared with the force required to displace a lattice 

point in a perfect lattice, f~ • This calculation was 

repeated with lattice constants from L=10;l to LA-2.l. The 

main result f oun~ was that f 0 reached its peak when the 

~isplacement of the lattice point was about 15 3 of the 

lattice constdut, L, while f~ reached its maximum when the 

displacement was ahcut 90 % of L. The ratio of the two 

peak values w.1s ona to two orders of m.iqnituile. 

In our calculation, the boundary w~s fixed and th~ 

rcstorinq for~e on a lattico point did not only come from 

the shear distortion of the FLL but from the local 

compression of the lattice by the rigid walls. This qave a 

larqer value of fb than wouid be required in a real 

situation. It was evident that a larqe 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.sA,.. 1his leo us to consider the stability of the 

flux line lattice {Appendix B). 

The followinq di ff icu lties made the above 

calculations not directly applicable to the real situation. 

1) The boundary was f.ixed and this led to hiqh values of fl>. 

This cou1d be modified by another computer similation model 

but the more sericus problem 

calculations difficult. 

listed below made such 

2) ThP. 1/r dependence of the interaction force between flux 

lines when r <).. requires a progressively larqe numbe.r of. 

neiqhbors to be included in calculations of the force on 

lattice points as the lattice constant decreases. When the 

maqnetic field approaches the upper critical maqnetic field, 

Ba, the lattice size a.nd the computer time required to 

obtain a meaninqful value would be forbiddinqly hiqh. 



Appendix D: Condition Necessary for a Stable Two 

DimP.nsional Trianqular Lattice. 
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It is well know that the triangular flux line lattice 

(FLL) has a· lower free enerqy in most cases than the square 

FLL •. Uowever, very few authors comment about the stability 

of the lattice althouqh severai imply that it is.stable over 

the full ra nq e in a pp lied field from He.I to "c.2.• We 

investiqated the stability of the PLL because our computer 

simulated lattice became unstable at hiqh density. As 

outlined below we found the FLL is stable. 

The interaction potential of an ordinary crystalline 

lattice has a minimum . and there exists an equilibrium 

distance between two lattice points. Uowever. the 

interaction potential between two lattice points ox the flux 

line lattice is a monotonically decreas.inq function of the 

distance. The FLL is held toqether by the maqnetic pressure 

of the applied field. We consider in this appendix a two 

~imensional lattice held toqether under pressure and the 

stabiLitv of such a lattice to a shoar distortion which does 

not chanqe th~ total area of the lattice. In this case the 

pdA work is zero and ~e only need to consider chanqes in the 

internal enerqy. 

Let's consider a uniform infinitesimal distortion 

alonq the x-axis in a trianqular lattice with an interaction 
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potential u (r) ·= A t'tf.. The distance from the lattice point 

at oriqin to the i-th lattice point is 

1. '2. 1/2 
r~ = [(Xi, + u;,:e> + Y.;, J 

;z 7. 1/2 = ( (X• + Y•e ) + Y•] 
'L ,,~ lt ( B. 1) 

where ui= is the displacement of the i-th lattice point 

(ui7 = 0) • e XJ = d~/dy 
coordinates of the s~me 

and x . 
"' lattice 

an<l Y. • are the 
" 

point in an 

x and y 

undistorted 

lattice. The potential enerqy per lattice point after the 

distortion is 

n. r. ,. 
(D. 2) 

~ stable lattice should sdtisfy the followinq conditions. 

(D. 3) 

<a. 4) 

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

however. the condition (B.4) is not always satisfied. For a 
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trianqular lattice, there are always six equidistant lattice 

points 60 deqrees apart from each other. If we consider 

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

u :; ~ u 
L J i 

(B. 5) 

where U• 
J 

represents the potential enerqy due to tlm 

interaction between the lattice at orqin a.nd the six la.ttica 

points belonqinq to the 1-th qi:oup. cl~nj/de;:f- turns out to 

be 

3 - A n (n+2) 1L 
R • 

" 4 
(B. 6) 

where Il• is the distance of 1-th lattice qroup from the 
J 

oriqin. The above result does not depend on the lattice 

orientation. 

3 
= -

'therefore, 

A n(n+2) ~ R~ = K n(n+2) 
• J 

J (3. 7) 

where K is a constant. Therefore, a trianqular lattice with 

a repulsive interaction will be stable only if n is less than 

-2. 
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The interaction enecqy between two flux lines (in the 

London limit, K.~oo) varies as loq (1/r) at short distance 

(Appendix A). Therefore, when the lattice constant is 

small, the contribution of the nearest neiqhbors toward the 

stability of the FLL is neqative. However, the contribution 

from the lattice points further away where the interaction 

enerqy varies as exp(-r) tends to make the lattice stable. 

It turns out that the contribution from the distant neiqhhors 

is always dominant and the lattice never becomes unstable or 

t.he shear modulus neqative. 


