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ABSTRACT

USE OF NDzYAG LASER FOR PROCESSING HIGH

TEMPERATURE SUPERCONDUCTORS

By

Chung-Wen Chen

The problem associated with sluggish kinetics of formation of2223 high TC phase

in Pb-doped Bi-Sr-Ca-Cu-O system was investigated A laser calcination process for

Pb-doped Bi—Sr-Ca-Cu-O (BSCCO) material was established with the consideration that

localized temperature surge, above the melting temperature, might enhance the formation

of the 110 K 2223 phase. The total processing time, to obtain a near single high Tc

phase, was reduced to half that for conventional processing (about 100 hours). High TC

phase was formed via a difl‘erent kinetic path in laser calcined sample compared with the

conventionally processed sample.

An ion beam assisted millisecond pulsed laser vapor deposition (IBPLD) process

was developed to fabricate YBa,Cu,Ox (YBCO) high Tc superconductor thin films.

Target overheating problem was greatly reduced by using a zigmg scanning pattern ofthe

target with an x-y target manipulator. High energy oxygen ion beam was used to

replenish oxygen and to blow vapor species onto the substrate. More than 25 mm

diameter, uniform coating of YBCO was successfully deposited As-deposited films are

composed ofvarious compounds of Y103, BaO and CuO as well as Y,BaCuO,. Due to

microscopic chemical homogeneity of films, films with majority 1-2-3 phase are formed

byjust halfan hour ofpost annealing at 850 'C. Silver buffer layer is found to effectively

minimize degradation caused by film/substrate reaction of (001)YSZ substrate during

post annealing.



A new process combining millisecond pulsed laser deposition (ms-PLD) and

vacuum thermal evaporation (VTE) techniques was deveIOped to produce multi-layer Ag

doped YBCO/Ag thick film. Flexible multi-layer thick films, with thickness about a few

tens to a few hundreds ofmicrons, were made. This process starts with about 5 to 50 um

layer of silver deposited by VI'E on a fused silicate substrate at room temperature, then

followed by a 5 to 50 um layer of Ag doped YBCO using ms-PLD. This process is

repeated several times to achieve desired multi-layer number and thickness. When the

desired thickness is obtained, another layer of silver is thermally deposited above the Ag

doped YBCO before the multi-layer composite thick film is peeled from the substrate.

Post annealing is followed to recover superconductivity.



7c M pct/tam

mwdfclm

iv



ACKNOWLEDGIVIENTS

I wish to express my sincere gratitude to my advisor, Professor Kalinath

Mukherjee, for his valuable guidance and constant support throughout this study. My

appreciation is extended to the committee members, Professor Eldon Case, Professor

Carl Foiles and Professor K. N. Subramanian, for their helpful comments and

suggestions.

SpecialthanksareductoDr. P. A. AKhanformanyyearsofkindadvise and

assistance. I also would like to thank all faculty and staff in the Department ofMaterials

Science and Mechanics for their helpful support during the years.

Last but not least, I wish to express my sincere gratefulness to my family in

Taiwan and my wife Lina for their continuous support and encouragement.



TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

1. INTRODUCTION

2. LITERATURE SURVEY

2.1 Superconductors and Theories of Superconductivity

2.1.1 Two-Fluid Model, London Equation and Non-local

Electrodynamics

2.1.2 Ginzburg-Landau Theory

2.1.3 BCS Theory

2.1.3.1 Phonon-Mediated Pairing ofElectrons (Copper Pairs):

2.1.3.2 BCS Ground State and Energy Gap Near the Fermi

Ems)!

2.1.3.3 Critical Temperature and Isotope Effect

2.1.3.4 Probability Amplitude ofCooper Pairs

2.1.4 Type II Superconductors

2.1.5 Applicability ofBCS Theory to Strongly Coupled

and High Tc Systems

2.2 High TC Oxide Superconductors

2.3 Crystal Structures ofHigh TC Superconductors

2.3.1 YBa,Cu,OM (YBCO)

2.3.2 BSCCO system

2.4 High To Superconductor Thin Film Deposition Techniques

2.4.1 Pulsed Laser Deposition (PLD) of Superconductor

Thin Films

xii

\
I
t

\
O
\
O
\
I
U
I

13

13

19

24

25

26

28

30

36

37



2.4.1.1 Effect ofPulse-Width and Wavelength ofthe Laser

2.4.1.2 Nature ofthe Laser Induced Plume

2.4.1.3 Problem with High-temperature Post-Annealing

2.4.1.4 Methods to Improve Quality ofLow-Temperature

Grown Films

2.4.1.5 Problem with Surface Particles

2.4.2 Pulsed Laser Ablation Using Millisecond Nd:YAG Laser

(ms-PLD)

2.4.3 Nd:YAG Solid State Laser vs. Excimer Gas Laser

2.4.3.1 Nd:YAG Solid State laser

2.4.3.2 Excimer Gas laser

3. EXPERIMENTAL PROCEDURE

3.1 Target and Bulk High Tc Superconductor Preparation

3.1.1 Pb Doped BSCCO 2223 Superconductor

3.1.1.1 Laser and Conventional Calcination ofPb

Doped BSCCO

3.1.1.2 Sintering ofPb-doped BSCCO

3.1.2 YBCO and Ag-doped YBCO Superconductors

3.2 Substrate Preparation and Silver Thin Film Deposition

3.3 Millisecond Pulsed Laser Deposition

3.3.1 Plasma assisted PLD Apparatus

3.3.1.1 Plasma Assisted PLD Chamber

3.3.1.2 Target and Target holder

3.3.1.3 Heated Substrate Holder

3.3.1.4 Oxygen Plasma Generation

3.3.2 Plasma Assisted Millisecond PLD Process (PPID)

3.3.3 Ion-Beam Assisted PLD Apparatus

3.3.3.1 Ion—Beam Assisted PLD Chamber

3.3.3.2 Spatially Resolved Emission Spectrum Analyzer

vii

39

41

44

45

47

47

50

51

53

53

53

53

55

56

56

57

59

59

59

62

62

65

67

67

69



3.3.3.3 Oxygen Ion Gun

3.3.3.4 High Frequency High Voltage Power Supply

3.3.3.5 X-Y Target Manipulator and Heated Substrate Heater

3.3.4. Ion-Beam Assisted Millisecond PLD Process (IBPLD)

3.4 Post-annealing

3.5 Sample Characterintion Methods

3.5.1 Crystal structure and Phase Identification

3.5.2 Microstructures and Chemical Compositions

3.5.3 Electrical Resistance and Magnetic Susceptibility

Measurements

3.5.4 Four-Point Bending Test

4. RESULTS AND DISCUSSION

4.1 Factors Which Afl'ect Processing ofBulk YBCO Superconductors

4.2 Laser Calcination and Kinetics ofFormation of

BSCCO - 2223 Phase

4.2.1 Kinetics ofFormation ofBSCCO - 2223 Phase

4.2.2 Microstructures andEDS Amlysis ofIaser Calcined BSCCO

4.2.3 Resistance and Susceptibility Measurements ofLaser

Calcined BSCCO

4.3 MillisecondPulsedIaserVaporDeposition

4.3.1 Problems wrthMrIlrsecondPLD

4.3.1.1 Target Overheating Problem and Peak Power
D . 1' . 'on

4.3.1.2 Oxygen Depletion

4.3.2 Pressure Dependence ofLaser Induced Plume

4.3.3 Ion-Beam Assisted Millisecond PLD

4.3.3.1 Efi‘ect ofX-Y Target Manipulator

4.3.3.2 Efl'eet ofOxygen Ion Gun

4.3.3.3 Spatial variation offilm composition

73

77

79

81

8 1

fi

85

91

93

93

93

93

103

105

105

105

106

106

109

109

109

110



4.3.3.4 X-ray Diffraction Analysis ofIBPLD Films

4.3.3.5 Microstructure ofIBPLD Films

4.3.4 VTE/ms-PLD Multi-Layer Ag/Ag-Doped YBCO Tapes

4.3.4.1 Effect ofAg Addition to YBCO Target

4.3.4.2 Adhesion between Ag Layer and Ag-Doped

YBCO Layer

4.3.4.3 Effect ofPeak Power Density on the Composition

ofAg-Doped YBCO

4.3.4.4 X-ray Diffraction Analysis ofAg-Doped YBCO Layers

4.3.4.5 Critical Temperature ofAg/Ag-Doped YBCO Tapes

5. SUMMARY

5.1 Factors Which Affect Processing ofBulk YBCO Superconductors

5.2 Laser Calcination ofPb-Doped BSCCO

5.3 Ion-Beam Assisted Millisecond PID

5.4 VT'E/ms-PLD Ag/Ag-Doped YBCO Tapes

APPENDD( Review of Selected Theories of Superconductivity

A. 1 Two-Fluid Model

AM Free Energy in Superconducting State

A12 Temperature Dependence ofSuperconducting

Electron Density

A. 1.3 Temperature Dependence ofThermodynamic Critical Field

A. 1.4 Electron Specific Heat

A.2 London Equation

A.2.1 London Penetration Depth

A.2.2 Exponentially Decay ofthe Magnetic Field B and

Supercurrent Density ]

A.2.3 Temperature Dependence ofthe London Penetration Depth

A.2.4 Magnetic Potential Field A and London Rigidity

A.3 Ginzburg-Landau Theory (G.L. Theory)

ix

114

116

121

121

126

130

130

133

134

134

134

135

135

137

138

138

138

139

140

141

141

142

143

143

145



A.3.1 Ginzburg-Landau Order-Parameter

A.3.2 Ginzburg-Landau Free Energy

A33 Ginzburg-Landau Equation

A3.4 Equivalence ofLondon Equation and Penetration Depth

A.3.5 Coherent Length

A.3.6 Upper Critical Field and Type II Superconductor

REFERENCES

145

145

147

147

149

151

155



LIST OF TABLES

Table Page

1. Various PLD processing parameters and properties of 1-2-3 films

associated with these processing parameters 38

2. Calcining conditions ofPb doped BSCCO 55

3. Important Processing Parameters for plasma assisted PLD 65

4. Important Processing Parameters for IBPLD Films and

VTE / ms-PLD Tapes 82

5. Effect ofthe starting powder purity and powder compaction

on formation ofYBCO 94

6. Typical compositions ofYBCO films produced by IBPLD process 110

7. List ofpossible compounds which might produce a strong dim'action

peak near 30° of20 for Cu-Ka radiation 114



LIST OF FIGURES

Figure

1.

10.

11.

12.

13.

14.

15.

16.

17.

Temperature dependence ofnormalized energy gap, calculated from

the BCS theory and experimental data

Current-voltage characteristic of a Josephsonjunction

Microscopic quantum interference experiment setup

Magnetization verses applied magnetic field for (a) type I and

(b) type II superconductors

A sketch ofmagnetic phase diagram ofa type II superconductors

Temperature dependence ofmagnetization ofa superconductor with

a irreversible temperature

Two different ways ofdrawing a ABO3 perovskite rmit cell

YBCO unit cell

2(La,CuO‘) unit cell

Unit cells of2(La,CuO.) and BSCCO phases

Relation between crystal structures ofLazCuO. and BSCCO - 2201

Relation between crystal structures ofBSCCO - 2201 and -2212

Relation between crystal structures ofBSCCO - 2212 and -2223

Typical pulsed laser vapor deposition setup

PLD ofYBCO on SrTiO, substrate using fundamental (1064 nm),

2nd harmonic (532 nm) and 3rd harmonic (355 nm) ofNd:YAG

laser with 3.5 J/cm2 power density, 200 mTorr oxygen and 730 °C

substrate temperature

(a) Plasma-assisted PLD setup with 10“ Torr oxygen pressure during

deposition, and (b) Dc-biased PLD setup with 200 mTorr oxygen

pressure during deposition

Basic laser cavity

Page

12

18

18

20

23

23

27

29

31

32

33

34

35

40

42

46

48



18.

19.

20.

21.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

41.

42.

Energy diagrams of (a) three-level laser and (b) four-level laser

Typical Nd:YAG laser cavity

Laser calcination apparatus

Laser beam delivery system

PLD chamber used for preliminary study

Specially designed mold, and YBCO target ring produced by

using this mold

Plasma assisted PLD setup (a) with a plasma ring and (b) with a

plasma tube

Plasma assisted PLD chamber (a) with the laser head and

(b) close-up view

A YBCO target ring after deposition process

The ion-beam assisted PLD chamber and the laser head

The ion-beam assisted PLD chamber viewed from the right view port

Spatially resolved emission spectrum analysis setup

Spatially resolved emission spectrum analysis setup with

PLD chamber

Penning ion gun

Penning ion gun at work

Penningiongunmountedonthe frontportflange

High frequency high voltage power maply

(a) Low profile x-y target manipulator and (b) Heated substrate holder

Laser induced plume and oxygen ion-beam

Wiring diagram for both resistance and mutual inductance

measurements

Computerized resistance - temperature measurement setup

Cooling device for resistance - temperature measurement

Magnetic susceptibility measurement apparatus

Four-point bending setup

XRD patterns ofconventionally processed Pb-doped BSCCO sample

49

50

54

58

60

61

63

68

70

71

72

74

75

76

78

80

83

86

88

89

92

96



43.

45.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

XRD patterns of 50 Watts laser-processed Pb—doped BSCCO sample

XRD patterns of90 Watts laser-processed Pb-doped BSCCO sample

Scanning electron micrographs of (a) 90 Watts laser-processed

sample, sample A, and (b) conventionally processed sample, sample C

Scanning electron micrograph ofa 50 Watts laser-processed sample

EDS spectrums collected from areas ofthe samples shown

in Figure 45 and 46

(a) Resistance vs. temperature curves and (b) Magnetic susceptibility

vs. temperature curves of conventionally processed and 90 Watts

laser-processed samples

Oxygen ion-beam and laser induced plume with 250 ps pulse-length

and 40 J/cm2 pulse-energy density at oxygen pressure of (a) 100 mtorr

and (b) 300 mtorr

Laser induced plume with 250 us pulse-length and 40 J/cm2 pulse-

energy density in one atmosphere air

Silver substratesrn substrate heater after laser vapor deposition with

0.25 ms laser pulses, 40 J/cm pulse energy density and 100 mtorr of

O deposited (a) without ion-beam and (b) with ion-beam

Chemical composition distribution ofas-deposited IBPLD YBCO

film on fused silica substrate (quantitative EDS analysis)

Typical EDS spectrums from (a) a IBPLD YBCO film and

(b) a YBCO target

XRD patterns ofYBCO films deposited on a silver substrate

XRD patterns ofYBCO films deposited on a (001) YSZ substrate and

(001) YSZ substrate with an Ag buffer layer

Scanning electron micrograph ofan as-deposited IBPLD film on

(001) YSZ (0.25 ms laser pulse with 40 J/cm2 pulse-energy density)

Scanning electron micrograph ofan as-deposited IBPLD film on

(001) YSZ with silver bufi’er layer (0.25 ms laser pulse with 40 J/cm

pulse-energy density)

Scanning electron micrograph ofa 850 °C, 1 hour, annealed IBPLD

film on silver (0.25 ms laser pulse with 40J/cm pulse-energy density)

YBCOand23%Ag-dopedYBCOtargetsafter4or151aserscans

SEM micrographs taken from surfaces of(a) 23% Ag-doped YBCO

targetand(b)YBCOtargetafierfour1aserscans

97

98

100

101

102

104

107

108

111

112

113

115

117

118

119

120

122

123



61.

62.

63.

65.

67.

68.

Cross section SEM micrographs of (a) 23% Ag-doped YBCO and

(b) YBCO targets after four laser scans

Cross section SEM micrographs of (a) 23% Ag-doped YBCO and

(b) YBCO targets after fifieen laser scans

A 15 wt% Ag-doped target afier 35 minutes of laser irradiation,

and two Ag/Ag-doped YBCO multi-layer thick tapes with

approximate 8 microns ofAg-doped YBCO top layers

SEM micrographs from (a) surface ofan as deposited film, and

(b) fi'actured cross section ofan Ag-doped YBCO/Ag film

Typical optical microstructure ofan annealed, 15 wt% Ag-doped

YBCO film

EDS spectra from (a) 15% Ag-doped YBCO layer deposited with

2.5 ms laser pulses, 270 chm energy density and about 0.2 MW/cm1

peak power density, (b) 15% Ag-doped YBCO layer deposited with

0.6 ms laser pulses, 270 J/cm1 energy density and about 0.9 chm1

peak power density, and (c) 15% Ag-doped YBCO target

Typical x-ray diffraction patterns taken from as-deposited and

annealed 15% Ag-doped YBCO layers

Typical resistant-temperature curve ofan annealed Ag/Ag-doped

YBCO tape

124

125

127

128

129

131

132

133



I. INTRODUCTION

Three most important high-TC (high critical temperature) oxide superconductor

systems are Y-Ba-Cu-O (yttrium-barium cuprates or rare earth-barium cuprates), Bi-(Pb)-

Sr-Ca-Cu—O (bismuth-lead-strontium—calcium cuprates), and Tl-Ba-Ca-Cu-O (thallium-

barium-calcium cuprates). All ofthese three systems have complicated crystal structures

with copper-oxygen planes, which are believed to be responsible for the superconducting

properties of these compounds. Among these cuprates Tl-Ba-Ca-Cu-O system has the

highest TC , about 125 K[1,2], but the potential for industrial application is limited due to

severe health problem associated with the toxicity ofthallium compounds.

Material processing utilizing high-power lasers, especially high-energy pulsed

lasers, have been widely adopted to produce high Tc superconductors. These techniques

include:

1. Pulsed laser vapor deposition (PLD) or ablation[3-23]

2. Thin film patterning

(a) by pulsed laser ablation[24-26]

(b) by direct laser writing ofprecursor films[27]

(c) by laser assisted etching[28]

3. Laser calcining ofhigh Tc superconducting powder[29,30]

4. Laser re-melting/texmring[31].

5. Laser annealing ofsuperconducting thin fi1ms[32].

Bi,_bexSr,Ca,Cu,O,r (2223 phase) of the Bi-(Pb)-Sr-Ca-Cu-O (BSCCO) system,

with Tcabout 110K, isagoodcandidate fortape applicationdueto itsthinplate shaped

grains that facilitate mechanical alignment of the grains to obtain higher critical current

density[33-34]. However, the BSCCO superconductor system has a number of phases
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with difl'erent critical temperatures. The three major phases are referred to by their

cation ratios as 2201(Tc below 77 K), 2212 ('1C ~ 85 K), and 2223 (TC ~110 K)[35].

Since the discovery of superconductivity in this system[36], many efforts have

been made to maximize the amount of high Tc-2223 (110 K) phase. A major enhance-

ment in the formation of high TC-2223 phase was made by doping Bi-Sr-Ca—Cu-O

compound with Pb[37-41]. However, With Pb doping, about 200 hours of total

processingtimeisrequiredtoobtainasingleornearlyasinglehigthphase. Inthis

study, a new laser processing technique was developed with an objective to enhance the

kinetics of formation of the high Tc phase of a Pb-doped BSCCO superconductor. With

laser ealcination process, near single-phase high Tc phase samples were obtained in

about 100 hours. The onset critical temperature of the laser calcined sample was found

tobeabout 110K However,thezeroresistancetemperatmewasabout 98K.

Thdiscoveryoforddehightemperatmesuperconductorsopensnmnemus

opportunities for applications that are previously impossible. At the present time,

potentialapplicationsofbulk oxide superconductorsareveryrestrictedbecauseoftheir

poor mechanical properties and low critical current densities.

Enormousefi‘oflhasbeenmadetoproducethhfilmswithconectstoichiomeny,

high tramition temperature and high critical current density. YBa,Cu,O, (YBCO), with

Tcaround95K,isconsideredtobethemostfavorableoxidesuperconductorforthin

film applications, because compared with other systems, it has less complicated

chemistryandstructure, goodplnse stability, andhigh critical current density[3].

Amongthetechuesadaptedmgrowhigthmperconductorthmm,ptdsed

laser vapor deposition is the most widely studied and a most successful one[3-6,9. 10.19].

ThekeyreasmsfmthemcessofthePLDprocessuehsmoichiomeuyconservauon

property, and the production ofexcited high energy vapor species[42-46].

ItiswellknowntlmthighqualityYBCOthinfilmscanbeobtainedbyusingan

excimerlaserwitha193,248,0r308nmwave1ength,nanosecondpulsewidthanda
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few J/cm1 pulse energy density. However, the deposition rate is very low, typically a few

tenth ofnm per second Moreover, the deposited area coverage is very small, only a few

millimetersinwidth,duetothenarrowangulardismhmionsofthevapor,assharpas

cos' 0 to cos11 0[15.16,42]. On the other hand, high deposition rates up to 100 nm/s[15]

andalargetmiformdepositioncoverage,duetoabroader(cos0)angulardistributionof

the evaporated species can be obtained by using millisecond pulsed lasers. These

enhanced deposition rates make millisecond-PLD (ms-PLD) a practical process to

produce continuous coating oflarge substrates.

Adetailedstudyofthems-PLDprocesswascarriedoutusingamillisecond

pulsedneodymium: yttrium almninmngarnetCthYAGHaserwith 1064nmwavelength.

Due to several orders of magnitude longer pulse-width compared with excimer lasers,

several hundred Joule/cm1 pulse energy density is required to achieve a peak power

densityclosetoMega Wattle-1,whichisstillmuchlowerthanthepeakpower density

achievedbyanmosecondhserprdseattypicallyafewlouldcmknergydemfiy.

Overhaflngmrdsevemlocdmelfingwhichresrfltedinmughflngofthetmget

andthuebymisdheefingflnvapmplme,memajmproblemsassociawdwithms-PID

process. Thisproblemisreducedbyusingazigzagscamingpaaemofthetargetwithan

x-y target manipulator. However, for prolonged deposition without fiequent resurfacing,

themflseenergydemityisresuicwdmabommJ/em1matdsohmimmedeposiuonmm

below 10 nm/s[47]. Because the ms-PLD process has a relatively high deposition rate

andlowpeakpowerdensity,apenningiongtmisusedtointroducehighenergyoxygen

iomtothelaserinducedpltuneandthegrowingfilmtoreplenishoxygenandtoboostthe

energyofvaporspecies.

Mostpracficalengineedngapphcafionsrequinthesupemondmtmstobefabfi-

catedintodesiredshapessuchasthinfilm,wiresortapes. However,brittlenatureofthe

oxide ceramic superconductors prohibits the use ofconventioml forming techniques, and

monofithicceramicmpercondmmrwireormpewinnmhaveenoughwughnessfm
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normal handling. Both of these problems are expected to be reduced by forming

compodtes of superconductors and some ductile metals. However, compatibility is the

major problem in selecting a metal for this purpose[48,49]. Silver has been proven

not only to be compatible with both YBCO and BSCCO systems, but also to improve

superconducting properties of these compounds[50-53]. In addition, texture of the

superconducting layers is expected due to geometric constraint of layered structure.

Uniform thick films can readily be obtained by vapor deposition techniques.

Among Me techniques, vacuum thermal evaporation is a simple yet effective way to

deposit thick films with simple composition such as pure silver. Oxide superconductors,

on the other hand, have a very complicated composition, so special techniques such as

thems-PLDarerequiredtopreservetheStoichiometryofthecompormd Inorderto

furtherenlnncethedepositionrate, silverdopedYBCOwasstudiedasthetargetmaterial

fwthems-PIDprocesavviththehopethatsubsmfaceoMeafingproblemcanbe

significantly reduced by increase density, thermal conductivity, and mechanical strength

ofthetarget[19]. AneWprocesscombiningtheabovetwodepositiontechniquesto

produce a multi-layer YBCO/silver thick film was developed

Theprimaryobjecfiveofthisresemehistodevelopnewprocessesofhigth

mpemondmtomwhichmkeadvmtageofmemiqmproperfiesofamflhswondpmsed

Nd'YAG laser as the energy source.



2. LITERATURE SURVEY

2.1 Superconductors and Theories of Superconductivity“

The electrical resistivities of many materials, including elements, alloys,

ceramics, and organic compounds, vanish when a specimen of these materials is cooled

below some critical temperature, TC . This phenomenon, called superconductivity, was

first observed in mercury in 1911 by Heike Kammerlingh Onnes[54]. Subsequent

researches showed that superconductivity is fairly common among non-magnetic metallic

elements with the highest Tc about 9.5 K for niobium[55,56]. In 1933, Meissner and

Ochsenfeilfdiscovered that a superconductor completely expels magnetic flux lines from

its body when it is cooled through the critical temperature under a weak magnetic field

The Meissner effect, or perfect diamagnetism, is another essential property of

superconductivity, which cannot be obtained by the characteristic of zero resistivity, or

perfect conductor, alone. In a magnetic field, the Meissner effect implies the presence of

surface screening current that produces a magnetic field that exactly cancels the external

field Important parameters of superconductors such as magnetic penetration depth,

critical field and critical current density are related to the Meissner efl‘cct. Among

superconducting elements niobium, once again, has the highest critical field Hc about

0.2 T[55,56]; however, it is too small for most practical applications such as high-field

superconductingmagnetsenvisionedbyOnnesinhis 1913 Nobel Price lecture.

2.1.1 Two-Fluid Model, London Equation and Non-local Electrodynamics

Following the discovery of Meissner effect, several important phenomenological

theories were developed to understand properties of superconductors[56]. Among these

‘ The COS-Gaussian units are used for formulas in this section.

A complete list of symbol definitions are included in the appendix.

5
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is two-fluid model used by Gorter and Casimer (1934) to obtain a free energy expression

that in turn gives expressions for electronic specific heat and fiaction of superconducting

electron density, nsln = 1 - (T/Tc)‘. Subsequently, the brothers F. and H London (1935),

based on the two-fluid model, formulated the London equation[55, 56,58]

2 2
age _ _ n,e

C B or ]_ —Aij =— mC
 

relating the supercurrent density 1 and the magnetic field strength B or the magnetic

potential field A. Combining with Maxwell's equation, the magnetic field and

supercurrent density have expressions in the same form[55,56].

v23: BIL: ; v21: 10%

Theseequafionshavesolufionsthatdecayexponentaifly,fiomthesmfaceinma

WMMmachamcwfisuclengthMcauedmemagneficpenemfion

depth.

2.2 a mC1/4rtrr.,-e2

Non-local electrodynamics was applied to explain the strong dependence ofthe

penetration depth on alloying of elemental superconductors by Pippard (1953)[56]. It

wasthoughtthatthelocalrelafionbetweenjandAmtherndonequafionmustbe

generalized to include the efi‘ect offield throughout a volume ofradius 5 about the origin,

whecmisthemeanfieepathofnormalstateelecuonsdependentsuonglyonthe

alloying Thesuperconduetingwavefimcfionshorfldhaveacharacteristiclength,the

wherencelengmwhichphysamlesimflarmtheelecuonmeanfieepathinmrmal

mealslhecoherencelengthcmbeesumawdusingmelhcaumtyPfimipleassmnmg

that only electrom within about k,,Tc of the Fermi energy (E,) are responsible for

superconductivity. Therefore, the importanteleetronshave amomentum uncertainty
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AP z k,,Tc / V, , where V, is the velocity of electrons with the Fermi energy (E,). A

correspondingpositionrmcertaintyisAxe ll/APz 1i,/(k,T&. Thus, the coherence

lengthcanbedefinedas[56]

11V]:

:0 - akBTc
 

2.1.2 GinflrurgoLandau Theory

Ginzburg and Iandau (1950) proposed a phenomenological theory of

superconducting state intermsofa spatially variedorderparameter ‘P(r)whichvanishes

at a second-order pluse transition temperatme[55,56,58]. The order parameter is

hypothesizedtoberelatedtolocalsuperconductingcharge carrierdensityn,‘by

were) = mm2 = no) .

Mmyimponmtchanctefisficsofsuperconductomcanbeunderstoodbyadopfing

theparfideprobabilhymnpfimdemthecmtuofmasswavefimefimoftheCmperpaim

fromtheBCStheoryastheorderparameter. EvenwiththedevelopmentoftheBCS

themy,theszbrug-Iandauthemyissfiflofthepreemimmimpmnmeespecifllyfm

thinfilmsandtypellsuperconductors. Thistheoryisessentiallytheonlywaytodeal

ThistheorystartsbyformulatingmeGinzbmg-Iandaufieeenergydensity

difl'erencebetweenthesupercondwfingsmteandnormalstateas[55,56,58]

. 2 2
__ _ 2 _1_ 4 1 _ _ eA B

F3 - FN- GI‘YI +2611” -l-2 , |( 311V C )‘I’l + 8!

Thefirsttwotemsalonempresemflwfieeenergydemitydifi‘aememtheabsenceof

magneficfieldandspafialvafiafionofthemderpanmeter,whemaandfimepammem
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to be determined The third term, arising fiom kinetic momentum —rllV and field

momentum -e'A/C, denotes the energy increase due to spatial variation of the order

parameter‘I’,wherem'ande'aremassandchargeofthechargecanier,andAisthe

magnetic potential field defined by B = V x A. The H1/(8n) term gives the energy

increase due to magnetic flux expulsion, i.e. Meissner effect

Ibndonequationcanbederivedfromthefieeenergyexpression Minimizingthe

fieeenergywithrespecttothepotentialAyields

$.W-W)+mTT‘TA'r—VXH: 0 .

whichiscalledtheGinzbmg-Iandauequation. ThefirsttermdropsduetotheLondon

rigidity, i.e. at ground state the superconducting wave function is essemially unchanged

by the application of the magnetic field Combining with Maxwell's equation,

]= [C/(4rt)] V x H , yieldstheLondonequation

.2

- é'c'(%)4

Apenefiationdepthsimflartothelbndonpeneuauondepthisdefinedas[55,56]

. = (area) "2
4xe’1a

MhfimizingthefieeenergyndthrespecttotheorderparameterVyields

        

 

(_a+ BI‘PI1+— -mv— °—’A|1)w= o .

This is also called the Ginzburg-Landau equation that resembles a Schrédinger equation

for $755.56]. Comidering this equation in one-dimension and in the absence of a field,

yields



111 42

"21.73;:— - “‘1”

wherethenonlinearterm Bl‘l’l1isomittedfortemperatmesnear checausel‘l’l’ issmall.

This equation has a wave-like solution ‘P(x) = ‘I'oexp (—ix / g). The coherence length,

g a [111/(2m’a)] 1/2 , marks the extent of coherence of the superconducting wave

function into the normal region[55,56]. The dimensionless ratio between the two

characteristic lengths A. and g, called Ginzburg-Iandau parameter, is an important

parameter in the theory ofsuperconductivity.

Simflarbthemmalstateeleefionmeanfieepaththecohemncelengthandthe

penetrationdepthareverysensitivetopmityofthematerial. Asaresultthe

Ginzbmg-Iandwpanmeterxmmeasesmpidlyasthepmityofthemperwnducwr

decreases[56].

1C ll
l

4
"
I
?

2.1.3 BCS Theory

AcomprehensiwquannmtheoryofsuperconducuvitywasproposedbyBardeem

Cooper,andSehriefi‘erin1957,almosthalfacenunyafierthediscoveryof

superconductivity[57,58]. ThisNobelPrizemasterpiece is fiequentlyreferredasthe

BCS theory. Main features ofthis theory include[55-58]:

2.1.3.1 Phonon-Mediated Pairing ofElectrons (Cooper Pairs):

Cooperpairformsbyindirectelecuon-phonon-electronirueractionoftwo

e1ecfiomudthoppositespimnearfiesphefichaminufacemndwaveveflmkand-L

respectively. Whenoneofflieelecuonsmovesdn'oughflielatficemelauiceisdistmted



10

by means of a phonon such that the other electron adjusts itself to take advantage of the

lattice distortion to lower its energy. The so-called weak coupling assumption is used in

the pairing theory in which the electron-phonon interaction matrix elements U are

assumedtobeindependent ofkforstates withintheEpillcoD range, whereE,and

11mD are the Fermi energy and Debye energy, respectively. As a result, energy of the

paired electrons is lower than 2E, even if the wave-vector k and -lr are slightly outside

theFermisplrm. ThebindingenergyofaCooperpairmaybewrittenas[55]

21100

we)
_1’

whereN,isthedensityofnormal-stateelectronsattheFermienergy. Thispairingthcory

indicatesinstabilityoftheelectronsystemandleadstotheconstructionoftheBCS

grormdstate.

2.1.3.2 BCS GroundStateandEnergy GapNeartheFermiEnergy

ThecrucialfeattueoftheBCSgromdstateisthepairoccupancyofthe

one-pardolembhs(Mes)becametheCmperpairisfomedfiomapairofelecfions

MthoppositespMandwavevectorkand-k,ie.fimerevemedmomennnnstates.

Unlike electrons with half spin, a fermion obeying the Fermi-Dirac distribution of one

parficlepaqumumstate,theCooperpaimhavezemspin,hencehavemmyamhmes

ofbosons that follow the Bose-Einstein distribution and have no limit on the number of

identical non-interactingparticles perstate[59]. However, duetointeractionbetweenthe

prerpaim,meweaklycoupledCooperpaimufisfyamixedmfisucsmwhichthe

Paufipfincipleholdsforpaimwiththesamekvalue,becausetherearemughlylO‘pairs

inthevolumeoccupiedbyagivenpair. Thisisalsothejustificationtousestatistical

“fieldapproximationtosolvemanybodyproblemsintheBCSwory.
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Unlike the ground state ofFermi gas ofnon-interacting electrons, the filled Fermi

sea that allows arbitrarily small excitations, the BCS theory demonstrates a

superwnducfinggromdshtesepamtedbyamiformfiMwenergygapE.ofmeorder

k,Tc from its lowest excited state. Unlike energy gaps in semiconductors, the excitation

energies for quasi particles, i.e. the Cooper pairs, are positive for both above and below

the Fermi momentum. The energy E. is centered aromd the Fermi energy E,, however,

E,isusuallytakenasthezeroenergyscalebecausetypicalvalues ofE‘andE,areafew

meV and about 5 eV, respectively. The energy gap, which is closely related to the

bindingenergyofCooperpair,at0kis[56]

5,: ”0 z4llch-(fi-lfi-E) .

va

TempuafinedependemiesofnmmalizedenmgygapcdcrdfledfiomBCStheorydong

withexperimental data fiom elemental superconductors are presented inFigure 1[56].

TheenergygapdecreasesasthetemperatmeincreasesanddisappearsatTc

Temperattuedependenceoftheenergygapmarchanbeapprordmatedbflfi]

E, re 3.06no —'r/r.,.)"2 .

At lowtemperature, T/Tc<10, exponential temperaturedependenceof electron specific

heatcapadty,atypicdnmfltusociawdwimexcflafimamossawnsmntemrgygap,is

obminedbecauseE‘isalmostconstantMthmthistemperauuemnge,Figmel.

Mmeover,thecfificalfieldandmostoftheelecuomagneficproperfiesaremsultsofthe

energygap. However,inverymrecases,mperconducfivityisobservedwithomanactual

cncrsysap-
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Figtue1.Temperatmedependenceofnormaliaedenergygap,calcu

lated

fiomtheBCStheoryandexpenmentaldata.
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2.1.3.3 Critical Temperature and Isotope Effect

The BCS theory predicts a second-order phase transition to a new electron state

with the critical temperature given by[55,56]

Tc: 1.14 061/(N50) or

KBTC= 1.1411(006-1/(N ) .

The isotope efl'ect, i.e. Tc proportional to inverse square root of the atomic mass of the

isompe,ismedimctmsrutofatomicmassdependenceofmeDebyetemperatme0. An

WWmmWMWMMEMagMWmL

inthesenseofhigth,isabadconchrctoratroomtemperauuebecausethemom

umpemuneelecuicdresistivityisameasmeofelwuon-phmonmwmcumandcanbe

usedtoestimatetheelectron-phononinteractionmatrixelementsU. Sincethe

expressionforchisinthesameformasthatfortheenergygapE',theBCStheory

predictstheparameterfieeratioEg/kBTCtobe3.52whichcanbeusedtogetanideaof

thevalidityofweaklycoupledpairingtheoryforagivensuperconductor.

2.1.3.4 Probability Amplitude ofCooper Pairs

Forabosongaswithalugenumberofbosominthesameorbital,theprobabflity

amphnrdecmbeueatedasachssicdqumfitycomisfingofanamplhudeandaphase;

therefore, both the amplitude and phase are meaningful and observable. For example, the

electric field intensity, with observable amplitude and phase, acts qualitatively as the

probabflityamplimdeforphotonswhenthetotalnumberofphotonsislarge. The

pmficleprobabilityamplimde‘F(r)forCooperpaim,thecenterofmasswavefunctionof
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Cooper pairs or the Ginzburg-Landau order parameter, with net momentum can be

expressed as[56]

‘1’ = ‘I’owm = ‘I’oe’em = n’:0 e19“) and

‘11. = YOW‘(I) = Vac—’90) = n53,” c—fe(r),

wherens'isthedensityofCooperpairs,and6(r)isthephasc.

The London equation can be obtained using the particle probability density as

follows[55]:

From the Hamilton equation ofmechanics, the velocity ofparticle is

v=,%(p-é-’A) = 1% “I“ ' 51A) .

Theelectriccurrentdensity] ofthesupercturentisgivenbytheparticle

charge e'timestheparticle flux ‘1”v‘1’.

j: carve: e’7.l—,'(nve - -‘(’-;A)

Takingcm'lofbothsideandusingthefactthatcmlofagradientofa

acalarisidenticallyzeroandtherelationB=Vx A,theLondon

 

equationisobtained

..z
__ 03¢

ij— m’CB

ThisacwmmfmtheMalwnaefl'xtandthepeuamfioudmhasdescnhedmIondon's

theory.

Thecoherencelengthcanbederivedbymodifyingthephasepartofthe

one-dimemional plane wave particle amplitude probability, w(x) = exp(ekx) , to a

stronglymodulatedwavefimctionflfl
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«,0: 2-1/2(ci(k+q)r +crb) .

Thus, the probability density, (Tow'X‘I’ow) = ns'(1 + cos qx) , is modulated instead of a

tmiform density, ‘1"? = ns' , ofthe plane wave. Increase ofenergy due to the modulation

can be calculated fi'om the kinetic energy difference, assuming q << k[55].

 

ldX¢‘(-2',‘:. :2)? -Idxv'(-5%i23)w

%{%[<*+4>2+k2]-k2} it;

ThisemrgymcreasemaynmexceedmeenergygapE'mmemisethemwnducfivity

willbedestroyed Thus,theintriudccolrerencelengtlréminterpretedasthemean

spachgbetweenpahofelecfiomfmagivenCooperpahmanbedefinedbasedonthe

criticalvalueofthemodulatioanfi].

11sz 11v,-

§0 * 1’40 = r13: = 53';

wherek,isthehighestpossiblekvalue,andthecorrespondingvfistheelectronvelocity

attheFermisurface. AmorepreciseresultgivenbytheBCStheoryis[55]

§0=2hVFIKEg .

Hraquaufizafionisanimportantchmacterisucofsuperconducfivitythat

resuictsthemagneficflrutthroughaholeornon-superconducfingregionina

superconductor disk to integral multiples ofa quantity (b, called fluxoid or flux quantum.

Thismsultcanbedefivedfiomtheexpressionfmsupercmtdemfiyjmmissecdon

HjismgratedalongaclosedpathCJeepmammemontthgtheresuhiswo

becausethereisnosupercrurentintheinteriorofasuperconductor,i.e.[55,56]



16

_.c_’ 2 _°_’ . =
icl-dl-m.l‘1’|§c(hve CA)dl 0

or 11ch6- (ll = {T’ch-dl .

Integration ofV9 along a path gives the phase change A6 fi'om starting point to end point

which has to be integral multiple of 211, i.e. 21m, for a closed path. Applying Stock's

theoremtoconvertthe integral ofA intoa surface integration over areaSboundedby C ,

yields[55,56]:

sic ve-dr = 21mh = flea-d! = ‘5L VxA-ds = ‘6 LB-ds = °E<I> .

Definetheflraor’dOo a 2nllC/e’. Thetotal fluxtbthroughthesuperconductor ring

becomes

6 =n(-1;fi) =nd>o .

Thevalueofe'wasdeterminedtobe2ebyexperimentaflymeasmementof0. This

result ¢o=2nllC/(26) is in agreement with the electron-pairing theory. The flux

quamizationisagoodexampleoflong-rangequantmnefl‘ectthatthecoherenceofthe

superconductingstateextendsoveraringorsolenoid

Under suitable conditions superconducting electron pairs can move from a

supercon¢wtmthroughathhimulamrhyermtomomersupemonduamifthehyer

thicknessissmallerthanthecoherencelengthofthesuperconductors. Thisphenomenon

iscalledloeeplrsou superconductoramnelr’ngflfl. Thisphenomenoncanbedescrrbed

using the phase difl’erence, A6=91-02=A00-2th/lt , ofthe particle probability

ampfinrdesbetweenflntwosidesofthejmcfiomwhereVandtmethedcvohage

appliedacrossthejtmctionandtime. Thesupercurrentdensityacrossthejunctionis[55]

j = losin(A00 - 2th / ll)
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Asaresult,thechoseplrsouefl'ecrreferstoadccmrentacrossthejtmctioninthe

absence ofany electric or magnetic field, and the ac Josephson eject refers to a rf

oscillating current across the junction with an applied dc voltage. The oscillation current

hasaangularfrequencyco=2eV/ll ,e.g. 1 uVappliedvoltage producesafiequency of

483.6 MHz This can be interpreted as that a photon ofenergy 110) = 2eV is emitted or

absorbed when an electron pair crosses the biased junction. Besides the junction with

insulator middle layer, i.e. SIS junction, the dc Josephon effect is also observed on

junction with normal metallic middle layer, i.e. SNS junction. Josephson junctions,

whichcanbeusedashighspeedswitchingdevices,arethekeyelementof

superconducting electronic devices. This is due to the characteristic current-voltage

relationwithtwowell definedvoltage statesch, whicharerelatedtothe energy gap

by E.= e Vc , Figure 2[55]. A very important application ofthe Josephsonjtmctions is

the superconductor quantum interference devices (SQUIDS) which are used as high

sensitivemagnetometers. TheoperationofSQUIDSisbasedonthemcroscopic

gum interference that is another example of long-range quantum efl‘ect of

superconductivity. Simihrtothederivafionoffirrxquanfimfiomthetotalflturtbpasses

throughtheloopinFigure 3[55]isre1atedtothephasedifi‘erence goingoncearoundthe

loop, A0, by A0=(2e/11C)d>. The phase difl‘erences caused by the magnetic flux at

junctionaandbare ec /(11C)and-ed>/(llC) , respectively. Total current density j is[55]

i=ja +11, =J'0[8in(A90 +fl) + gin(M10 ‘ $11) J

. . co
= 2josrnA00cos-fé- .
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Figure 2. Current-voltage characteristic ofa Josephsonjunction.
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2.1.4 Type II Superconductors

Most pure elemental superconductors are type I superconductor that show

complete Meissner effect up to the thermodynamic critical field Hc , the critical magnetic

field calculated fiom free energy balance, and becomes normal conductor in a field larger

tlnn He, Figure 4(a). On the other hand, the type II superconductors, Figure 4(b),

maintain complete Meissner effect up to the lower critical field He, and carries some

magretic flrut between the lower and upper critical field; however, the zero resistance

stateispreservedupto‘theuppercritical fieldI-IQ.

Using the Ginzburg-Landau equation, the upper critical field H0 is related to the

thermodynamic critical field Hc by[55]

Hc2= Edema/(21:9),

wherex=M§istheGinzbmg~Iandauparameten Forx<1/f2—,H°<Hcdefinesthe

typeIsuperconductorwhichshowscompleteMeissnerefl‘ect. Ontheotherhandfor

x>1lf2-, Ha>HcdefinesthetypeIIsuperconductorwhich shows completeMeissner

efl'ect inweakmagnetic field, i.e. belowHa, andallow some fluxto penetrate regions in

malsmeamoundedbysuperwndtwfingmauixmsuongfieldiehetweenllamd

11°.ThetwocasesfmtypensupercomwmamcafledMeissnerstateandvonex

state,respectively. Thedimensionofavortexcordcanbededucedfromtheabove

equafionmbemthemderofthecoheremelengthbecausethevorficesmepackedas

closeaspossibleatl-Ia.
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(b)
Hc ..

Type II

’e
T

Meissner
Normal

Vortex state state

L

Hc1 He Hc2

Applied magnetic field Ba —9    
Figure 4. Magnetintionverses applied magnetic field for (a)type I and

(b)typeIIsuperconductors.
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Lower critical field Hc1 also can be related to the thermodynamic critical field Hc by[55]

He] =11, / (fix) = so / (410.2).

From the above two equations the thermodynamic critical field is the geometric mean of

the upper and lower critical fields. For many type II superconductors, HQ is much larger

thaan,i.e.rr>>1/f2—,soHc,isverysmall.

Thepreseneeofvortexstatecanbeunderstoodmtermsofinterfacialenergy

betweennormalandsuperconductingregions. Thisinterfaeialenergyispositiveifxis

smallandnegativeifxislarge. Thecrossoverfiompositivetonegativeinterfacial

energy occurs at tt=1/J5. The term vortex state describes the circulation of

supemmremV0ruces,aromdthmmofmn-superconducfingregionudthinthe

superconductoreachbearingasingleflturoid Thisconditioncanbeunderstoodby

minimizationofmagneticenergyassociatedwiththevortices. Assumingasinglevortex

with n fluxoids, i.e. Bat n<bo, the magnetic energy associated with this vortex is

proportionalto(n00)2. Asarestfltthemagneticenergyisminimizedwhenthisvortex

splitsintonvorticeseachbearingasinglefltutoid Thisresultagreeswithexperimental

observations.

hthevmtexstatemorficesmpeleachotherdmbthelbrentzforcebetweenthe

circulationcturentofavortexandthemagneticfieldofitsneighbor. Asaresult,the

repulsion energy is minimized when the vortices form a close-packed hexagonal array,

referred as the vortex lattice orflux lattice. However, vortex energy can be lowered by

usesiafingflnvoflexndthsomesfiucuualdefectsofmesupemondtwtmcanedthe

pinningcenter. Foragivenstructrualdefecttobeanefi‘ectivepinningcenter,the

dimensionofthedefecthastobecomparabletothesizeofvortexcord,i.e.intheorder

ofthecoherencelength ForatypelIsuperconductorwithrandomlydistributedpinning

cemfls,fl1evorficesmealsomndomlydisuibtned,mdmfenedasthewflexglmor

flux glass.
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Considering a current J flowing perpendicularly to the magnetic field B through a

vortex lattice, i.e. no pinning of the vortices, the Lorentz force acting on the vortices

pushes the vortices in the JxH direction. This motion ofmagnetic flux in turn induces an

electric field that opposes the current J, resulting in energy dissipation and appearing as

an electrical resistance! Thus, the dynamics ofvortices is oftechnological importance.

Motion of the vortices can be classified into two major types, i.e. flux creep and

fluxflow. HumepreferstothecasethatthermalenergyandLorentzforceare

smaller than the average pinning energy; therefore, vortex motion and electrical

resistance are tolerable for many applications. Flux creep is found immediately after the

change of external field or current and decays logarithmically. It can be detected by

mcasmingthetrappedmagnetic fieldortheelectrical resistance. Ontheotherhandflux

flowoccmswhenthethemalenergyandIbmntzfmceamhrgeenoughmovercomethe

pinning force. Under this condition, referred as the vortex liquid, the vortices move

steadily, and the material is useless as a low-loss conductor. By measuring the transition

temperature fiomvortex liquidtovortex glass T'under different magnetic field, aphase

boundarycanbeaddedtothephasediagramofatypellsuperconductor, Figure 5[56].

Forhigthsuperconductms,whicharetypeHsuperconductors,armique

magneficpmputyisthattemperatmedependenceofthemagneficmomemeecomes

irreversibleatsometemperature, calledtheirreversibletenqreratureTm, foragiven

magnetic field Ifa Zero field cooled sample is warmed up in some given magnetic field

toatemperattueaboveTWtheMvs. temperatm'ectu'vewillnottakethereverseofthe

origiml warm-up path when the sample is cooled down in the applied field, Figure 6[56].

Simihrmthevoflexfiqmd-glassphasebomdary,minewrsibifiofinecanbedefimd

foragivenhigthsuperconductor. Thevortexliquid-glassphase boundaryandthe

ineversrhflnyfineforagivensupercondtwtmaresimflarbecmmebothofthemam

closelyrelatedtothepinningpotentialofthe superconductor.
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2.1.5 Applicability ofBCS Theory to Strongly Coupled and High TC Systems

Despite the simplifying assumptions, i.e. 11 independent weak coupling and

spherical Fermi surface, the predication of essentially all known superconducting

properfiesbasedmtheBCStheorygeneraflyagreeweanexpefimenmlresulmfm

most conventioml low TC superconductors. However, certain deviations are observed

especiaflyforsocafledmadactors"suchasleadandmercmywithverysnong

electron-phonon coupling such that Tc becomes a reasonable fraction of the Debye

Wo

The mean field approximation used to derive the BCS results becomes less

appropdatewhenthenrmbaofpaim,whosecenterofmassfaflwithhthevoltme

occupiedbyagivenpair,approachtheorderofunityasinthestronglycoupledhigth

superconductors. Incontrasttoconventionalsuperconductorswithcoherencelength

betweenlOOnmtolxlO’mthelayeredhigth superconductorsystemshave

coherencelengthabout1.5to3.0nminthea-bp1aneandassmallaso.3nminthec

direction. Nevertheless, the BCS theory continues to work suflieiently well on many

aspects ofthese strongly coupled systems.

Itshorddbemtedthatthephonon-mediatedpaifingusedmtheBCStheorydoes

notresuicttheuseofthebasic formalisrninsystemswithotherpairingmechanism[58].

InfacgthebasieequationsfortheBCScondensedstateapplynotonlytotheweakly

coupled Cooper pairs but also to strongly coupled electron pairs and other fermion pairs

that resulted in boson-like condemtion. A typical example is the super-fluid transition

in He“, 11 fermion with a halfnuclear spin. Below the transition temperature, liquid HeIn

atomsfomBCS-hkepaimwithaspinoflper-pairandporbflalangtdmmomenum,

p-wave,imteadofspinzeroands-waveforthe000perpairs.
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2.2 High Tc Oxide Superconductors

The term high temperature or high TC superconductor is generally referred to a

class of complex metal cuprates that have a defective perovskite structure with one or

moreCu-Oplane. TheCu-Oplaneistheessential featureofthisclassofmaterials

becauseitisbefiwedthattheCu-Oplaneisrespomiblefmthesupercondtmfing

properties. (Iauer)CuO,[60], discovered in 1986, with Tc about 38K is the first

compoundinthisclass,butitisnotthefirstoxide superconductor. Oxygen-deficient

SrTiO“ , found in 1965, is the first ordde superconductor, while the highest Tc among

oxide superconductors without the Cu—O plane is about 13 K for Ba(Pb,_xBi,)O,[61] or

about 30 K for WiOJ62,63], before or after 1986. Although all these oxides

menfionedammlatedwdnpaovskitesuumme,hismtclearthatmpucmducuvitym

theseoxidesarerelatedtothehigthsuperconductingcuprates.

Three most important high-Tc (high critical temperature) oxide superconductor

systems are Y-Ba-Cu-O (ytuirnn-barimn cuprates or rare earth-barium cuprates), Bi-(Pb)-

Sr-Ca-Cu-O (bismuth-lead-strontium-calcimn cuprates), and T‘l-Ba-Ca-Cu-O (thallium-

barium-calcitun cuprates). These systems are often referred as YBCO, BSCCO and

TBCCOsystems. Allthesethreesystemshavecomplicatedcrystalstructureswith

copper-oxygenplanes,whicharebelievedtoberesponsrhle forthesuperconducting

propertiesofthesecompounds. AmongthesecupratesTl—Ba—Ca-Cu-Osystemhasthe

highest T,D about 125 K[1.2].

YBa,Cu,Ox (1-2-3 compound), with Tc around 95 K, is considered to be the most

favorable oxide superconductor for thin film applicatiom because, in comparison with

othersystems,ithasalesscomplicatedchenn'stryandstructtue, goodphasestabilityand

a high critical current density[3]. On the other hand, Bi,‘,Pber,Ca,C.‘u,OY (2-2-2-3

compormd)oftheBi-(Pb)-Sr-Ca-Cu—O system,witthabout110K, isagoodcandidate
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fmmpeapphcafiondtwtoitsthinplmeshapedgrainsthmfacflimtemechanical

alignment ofthe grains to obtain higher transport critical current density[33-34].

2.3 Crystal Structures ofHigh Tc Superconductors

Allthreeimportanthigthsystemscanbevisualizedasstackingofvarious

perovskitecellswithsomedefectsinthecellsorinstacking. Figure7showstwo

different ways of drawing a perovskite unit cell that has a ABO3 formula. Many

perovskite metal oxides, e.g. BaTiO, , are well known for their ferroelectricity. Two

distinctcationsitesexistinthestructme. Acationoccupiesthelargersitewith

coordinationnumberoftwelve,ontheotherhandthesmallechationsitsintheoxygen

octahedron Inhigthsuperconductingcuprates,copperionsoccupytheBcafionsites

whileotherlargercationsoccupytheAcationsites. Duetooxygendeficiencyorother

Madonfiomthenandardperovskiwsuwnuetheneuestoxygenimsofthecopper

cationisofienlessthansix. Infactcopper-oxygenplamwithfomoxygenionsper

coppercationarethekeyfeatureofhigthoxidesupereonductors.

ThereisanhnpoerehfionbetweenTcandschnneofmesemperconducung

cuprates,flntTcinaeasesasthenmnberofadjacemCu-Oplanes(n)mcmases,atleast

upton=3. Meadjacentplanes,thatsandwichsparselyoccupiedY-atom orCa-atom

plane,a1eseparatcdbyadistanceofabout3.2A. Thisdistanceisapproximatelythe‘

sameforaflhigthcuprmesandissmaflerthanthestandardpaowkiteceusizem

latticeparametersaorbofthehigthcuprates. Tcofsupereonductingcupratesisless

than77Kforn=1,about85to95Kforn=2,andmorethan100Kforn=3.
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2.3.1 YBazCIISOH (YBCO)

An YBCO unit cell consists of three oxygen deficient perovskite cells. Figure 8

shows the tmit cell of an orthorhombic YBCO with seven oxygen ions per tmit cell, i.e.

6=0,wherethetopandbottomCu-Oplanshavenooxygenions in ”a” direction,andthe

middle cell has no oxygen ions on the side edges. Two types of copper ions exist.

Copper ions in the middle ofthe tmit cell form Cu-O plans, with four planar nearest

oxygen ions, while the copper ions at the top and bottom ofthe unit cell (also having four

planar nearest oxygen ions) form one-dimensional chains in the "b" direction. The two

adjacent Cu-O planes are separated by a sparsely occupied Y-atom plane. The distance

betweentheseadjacentCu-Oplanesisabout 3.2Awhiletheseparationbetweentwo sets

ofthese adjacent planes is > 8.2 A

At high temperatures, YBa,Cu,O.,.. loses additional oxygen (8 > 0) fiom the top

andbouomCu-Ophnes,accompamwbyadccreaseoftheoxygenordennginthese

planes. ThestructmeonBCObecomestetragonalwhenSZ 0.7. Thechangeinoxygen

content, and the orthorhombic-tetragonal phase transition are reversible with transition

temperaturearound700 'C[64-70]. Thetetragonalphase is semiconducting, andthe

firflyoxygenaedmthmhombicphaseismenlhcandwpacmdmfingaboveandbelow

Tc , respectively. The oxygen content in the orthorhombic phase is important because Tc

increaseswithincreasingoxygencontentandreachesthcmardmmnwithfig 0.1.
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Figure 8. YBCO unit cell
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2.3.2 BSCCO System

The high Tc Bi-Sr-Ca-Cu—O superconducting system has a number of phases with

different critical temperatures (Tc,). The three major phases are referred to by their cation

ratiosas2201 ('I‘c below 77 K), 2212 (Tc~85K), and 2223 (Tc~ 110 K) phases[35].

The structures of these phases are very similar to the structure of (Lauer)CuO,. For

simplicity the following discussion is based on the un-doped La,CuO, (La-Cu-O).

Conventional unit cell ofLa-Cu-O contains two chemical formula tmits, i.e. 2(La,CuO,).

SimilartotheYBCO rmitcell,thiscellisalsocomposedofthreeperovskitecells;

howeverthe top andbottom cells are displaced as shown in Figure 9. Similarity between

theBSCCOphasesandLa-Cu-OcanbeseeninFigure 10.

Thesuucuueof2201phasecanbeobtainedbymserfingtwopairsofBi-Oplanes

mtotheIa-Cu-OsnuctmeandreplacingthelaatomswiththeSratoms,Figme 11. The

La-Cu-Oand2201plnsehaven=landlowcriticaltemperatures.

The2212suucuneisobtainedbyspfitfingthecopper-oxygenoctahechonsand

insertingaCa-atomplaneinbetweenFigtn'elZ.1tisclearthatn=2forthisstructure.

Similmly,the2223phasecmbedefivedfiomthe2212phasebyimerfingmaddifionfl

Cu-OplaneandaCa-atomplaneasshowninFigure 13. Asaresultthe2223structtue

hasn=3anch>100K

T'l-Ba-Ca-Cu-O systemalsohas2201,2212and2223phasesthathaveexactlythe

sameshucnnesasthecorrespondingBSCCOphasewitthreplacingBiandBa

replacingSr.
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2.4 High Tc Superconductor Thin Film Deposition Techniques

Since the discovery of high Tc superconductors, many techniques, most of them

from semiconductor processing, have been adapted to fabricate superconductor thin and

thick films. Almost all high Tc superconductor thin film deposition techniques can be

categorized as physical or chemical vapor depositions. Examples of physical vapor

depositions are laser evaporation or ablation[3,5-23], plasma or ion beam

sputtering[71-74], electron beam or molecular beam epitaxy[75-77], and thermal

evaporation[78-80]. Examples ofchemical vapor depositions is organometallic chemical

vapor deposition[81]. All vapor deposition processes involve three major steps which

are[82]:

1. Creationofvaporplnsespeciesbythermalenergy,photonenergyor

kinetic energy

2. Transportofthevaporspeciesfiomsourcetosubstrate: Dependenton

fliedepositiontechniqtreusedthistransportcanocctuwithommuch

collisions between atoms and molecules, i.e. under molecular-flow

condifiomorwithmanycollisionsinthevaporphasespecies,i.e.

higherpartialpresstueofthevaporand/orgasspeciesorsomeionized

species.

3.Filmgrowthonthesubstrate:Dcpendentondepositionrateand

mobilityofatomsespeciallyinthestufaceandnear-stu'face,theas

depositedfilmcanbeamorphousorcrystalline. Increasingenergyof

thevaporspecies(e.g.produeingspeciesinexcitedstateorinereasing

velocity of vapor species), increasing substrate temperature and/or

bombardrnentofthegrowingfilmbyiominthevaporspecieswill

increasethemobilityofatomsonthegrowingfilm;thus,promote

nucleation and growth ofcrystalline films.
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Deposition rate, stoichiometry and crystalline quality are the most important

parameters in depositing high quality superconductor thin films. The first parameter

mainlydependsonthefirsttwostepsofthevapordeposifionpmcess;whilethe

crystalfinequalitydependspfimmflyonthefilmgrowthstepoftheabovemodel.

Therefore, itwinbemucheasiertoopfimizethesetlueeparametersifthreemajorsteps

in the vapor deposition process can be independently controlled For all physical vapor

deposition techniques mentioned above, these three deposition steps can, more or less, be

independently controlled On the other hand, in the chemical vapor deposition technique,

itisdificulttoseparatethesethreestepsbecausethedepositionspeciesarecreatedright

onthesurfaceofthe hot substrate, i.e. allthreemajorsteps ofvapor depositionoccurred

a-ultaneously. Nevertheless, if complicated substrate geometry is necessary, chemical

vapor deposition is the only non line-of-sight deposition method among all techniques

mentioned

2.4.1 Pulsed Laser Deposition (PID) ofSuperconductor Thin Films:

Amongthetechdqueswhichhavebeenadaptedmgrowhigthsuperconductor

Mfilmgptusedhserabhfionmmusedhserdeposiumisthemomfidelystudiedmd

mostsuccessfulone. ThekeyreasonsforthesuccessofthePIDprocessareits

stoichiometry conservation property, and excited high energy vapor species, i.e. excited

andionized species,itproduced[42-46]. Becauseofthesetwoproperties, high quality

epimxialfilmofwmphcawdcomposiuonsmhasYBCOsuperconductm,canbemade

insituatlowtemperatme(400-650°C)witharelativelylargedegreeoffieedomin

processing parameters[4,12.14]. A collection ofvarious PLD processing parameters, and

properfiesofrenflfingfilmsuimethefimmdsuccessfiflPIDdeposiumofhigh

Tcsuperconductingthinfilms[4])isshownonnextpage,Table 1.
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AtypicalsettrpforpulsedlaserdcpositiomFigm'e14,consistsofapulsedlaser

source, a vacuum chamber with optical windows, a rotating target holder, a heated

substrate holder, and a source for oxygen gas or activated oxygen atoms/ions. Due to the

fact that laser induced plume, i.e. the vapor species, ejected from the target surface

movesmadirecfionmmalwthetargetsurface,thesubsuawholderisposifioned

parallel to the target and centered to the laser-target interaction spot

Substrate distance fiom the target, typically a few centimeters, is critical because

ofthemn-uflfomspatialdisfiibrfimoffievapmspeciesmddecflngenmgyofvapm

species as they move away fi'om target. For a given deposition condition, the substrate

distancealsocontrolstheareacoverageofdepositedfilmonthesuhsuate. Because

stoichiometry is usually preserved during pulsed laser ablation process, a single

stoichiometrybulktargetisnormallyused Thetargetisusuallyrotatingatalowspeed

toexposedifl‘erMpmtsofthetargettothelaserptflsemmdertoprevemlocal

overheafinganderosionofthetargetThisisbecauseoverheatmgwiflresuhm

composifionalvmiafionofthehrgetbysegregafionmdevaporafionmdmn-phmr

targetstufacewilldirecttheplmneawayfiomthesubstrate.

2.4.1.1 Effect ofPulse-Width and Wavelength ofthe Laser

IaserprdsesusedforPLDprocesstypicaflylmveaptnsewidthofabomtentoa

fewtemofnmoseconds,focusedwafewmiflimetersspotsizeonthetargeganda

pluseenergydemnyofafewJ/cm1thmmapeakpowerdensitymtbemduof

tenstohtmdredsofmillionWattspercm1. Duetoextremelyhighpeakpowerdensity

mdexfiemelyshofldruafiomthehsuprflsesodyafl’emaveryflunsmfacehyerofthe

urgetandsponnneomlyconvenhhnoavapormfiagmcntswithomcomposifional

variationorsegregation. Suchvariationmightbeexpectedfiomexcessivemeltingofthe

High Tc superconducting materials[4.83].
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41

Although superconducting thin films have been successfully deposited with a

wide range of wavelengths, i.e. fiom infi'ared CO2 and Nd:YAG laser to ultraviolet

excimerlaser,highestquahtymsimepitaxialfilmsamprodtwedbyUVlasers. Thisis

because shorter wavelength lasers have higher photon energy and greater absorption by

the plasma plume resulting in a higher degree ofdecomposition, excitation and ionization

of the vapor species by photoionization and other related processes[16,43]; thus, the

qualityofdepositedfilmisenhancedbyincreasedmobilityofatomsnearthe surface of

thegrowingfilm,Figure 15. Depositionusinginfraredlaserswillresultinhigher

absorptiondepthandhigherdepositionrate,butthequalityofdeposited filmsare lower

than films deposited with UV lasers[9, 16,84].

2.4.1.2 Nature ofthe Laser Induced Plume

Oncevaporspeciesformedbyinitialpartofalaserpulse,theyareftnther

decomposediodzedandheatedbyimemcfingwiththeremaininglaserpruse. Dueto

rapklheafingmdmtpandingofthchsermducedphsmaanmplmnecmsistsof

highenergyvaporspeciesejectedfiomthetargetwithveryhighvelocitiestowardthe

substrate[42-46].

Impornntmfomafionabomhserinducedpltme,stwhasvapmspecies,pnnciple

luminescent species, expansion velocities, and extent of ionization, lnve been

determined by many groups using emission speetroscopy[43,45,46], mass

spectrometry[44],andion probe[43]. 'Iheseparametersareveryimportantintermsof

mdenmndingthePIDprocessandhnprovingproperuesofhserdepositedfilms.
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Following characteristics of laser induced plume from high Tc superconductor

target have been reported by several groups under typical deposition conditions, i.e.

several Joule/cm’ energy density and a few tens ofnanoseconds pulse-width

l. Angular distribution of vapor species consisted of two distinct

components. One of the components is non-stoichiometric and has a

cos 0 angular distribution which is characteristic of evaporation; the other

forward direction component is stoichiometric and has a cos'O to cosne

dism‘bution[15,16.42]. The forward component increases with respect to

the evaporation component as laser energy density increases[42].

2. The major luminescent species in the plume are neutral and positively

ionized atoms and dimers[43].

3. By observing the change in the emission intensity oflaser induced plume,

theplmneinitiallymdergoesaone—dimensional expansionforaboutone

spotdiameterandthenathree-dimemional expansion, inwhichthevapor

density rapidly falling ofi‘and the excitation diminishing[3.43].

4. The expansionvelocities ofthevapor species are about lO‘m/s, andthe

corresponding particle energies are in the 25-50 eV range. Relative

velocitiesforCuandYareformdtoconfirmtheM‘“dependence

predicted by vacumn fi'ee expansion model[13,43, 45.46].

5.Degreeofionizationoftheplmneisestimatedtobe 1.4-4 %ofionized

speciesfiomintegratedionsignalandmassremovalperpulse,assmning

atomicspeciesonlyandacoseangulardismbutionofthespecies

respectedtothetargetnormal[43]. This 1.4 -4 %ionization estimationis

likelytobemuchtmderestimatedbecausethesharpcos‘Gtocosne

distribution ofthe forward vapor component.

6. Plasmatemperahneisesfimateifromexpansionvelocityandlocal

thermodynamic equilibrimn, to be in the range of6400-13000 K[43].
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2.4.1.3 Problem with High-temperature Post-Annealing

Correct crystallinity and oxygen content is essential for good superconducting

properties of the high Tc oxide superconductors. Low deposition rate in the order of

anyhomperlaserpulse,a®quatesubs&atetemperatureabom600to750°c,and

suficient oxygen partial pressure of a few hundred millitorrs are important criteria for

obtaininginsituhigthsuperconductingfilms. Ifthese criteriaarcnotsatisfied,the

as-depositedfilmwiflmtbesuperconducfingorwiflnothavchigthandhithc

(critical current density). Therefore, a high temperature, above 850 °C, post- ' is

necessarytorwtorethesuperconductivity. Carehastobetakentominimizethe

following undesirable properties associated with high temperature post-annealing

process.

l.Chemicalreactionwiththesubstrateresultingintheformationofa

non-superconducting interface layer[5,85-87].

2.1moffilmstoichiomeu'yafierannealingduetoswfaceevaporationand

film-substrate interaction[4,87,88]. Barium and/or copper deficiency has

beenobserved afterpost-amiealing process in YBCO films.

3. Crackand/orroughingdmingthermalcyclingresultinginlowcritieal

current densities[6].

2.4.1.4 Methods to Improve Quality oflow-Temperature Grown Films

hmfinsmmmm.wmmmsthcmmfinsmufiais

flickeymgrowingmulu-layercomponethhdifl‘erentmatefialsmtomtegratehigth

variations ofthe basic PID process, i.e. plasma assisted PLD[10,46], dc-biased PLD[14],

andflonficoxygenassistedPID[13],havebeensuccessfidlyabletolowertheinsitu
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deposition temperature to as low as 400 °C[10], Figure 16. Reduction of the deposition

temperature is made possible by creating reactive oxygen species such as atomic oxygen,

oxygen ion beam, or oxygen plasma and/or by enhancing mobility of surface atoms with

dc-bias or ion bombardment.

2.4.1.5 Problem with Surface Particles

Onetmiquefeann'eofPLDdepositedfilmisthepresenccofsm'facepaniclcson

otherwise smooth film surface. The formation ofthese surface particles has been

attributed to sub-surface micro explosion caused by overheating of the sub-surface layer

druinglaser-targetinteraction[3.89,90]. Korenetal fomdthatparticlesarefewerand

maflerasthemwlengthofthehsadecreasedtwmhighcrabsorpfionofhseremrgy

by the plasma plume and higher degree of fiagmentation in the vapor phase[16],

Figurels.

Fmagivenhserwavelmgththesmfaceparficleproble-canbeminhnizedby

Wtheabsmpfimcoeffidcmmdthemalcmdtwfifityofthenrgegwhichredwe

mesub-swfaceoverheafingandbyimprovmgmesMgthofmetugeLwhichmcruses

theresistancetoexplosion[91]. Increaseddensityofthebulktargetbysilveraddition,

haeraufacemelfingmehprocesamhdisosbficpresshgfiflPHsexpeaedmm

thesm'faceparticleformation. Recently,Eidellothetal.reportedamethodtoremove

surface particles by chemical polishing with diluted HF solution without degrading the

superconductingproperties ofthe films[92].
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Figure 16. (a)?lasma-assistedPIDsetupwith lO‘Torroxygenpressure

drmngdeposifiomandCb)l?c-biasedPIDsempudt
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2.4.2 Pulsed Laser Ablation Using Millisecond NttYAG Laser (ms-PLD)

Although high quality YBCO thin films can be obtained by using nanosecond UV

lasers,thedepositionrateisverylow,typicallyafewangstromsperlaserpulse,andthe

depositedmacovemgeisverysnmlhafewmminuddth,duetothenmrowangtuar

distributions as sharp as cos'O to cos‘2 6[15,16,42]. On the other hand, high deposition

ratesuptolOOnm/s[15]andalargcuniformdepositioncoverage,duetoabroadercose

angular distribution of the evaporated species can be obtained by using millisecond

pflsedhsem.1hesemiqueproperfiesmakemiflisewndPLDapracficalprocesswbe

usedtoproducecontinuouscoatingoftapes.

2.4.3 Nd:YAG Solid State Laser vs. Excimer Gas Laser

lasersmndsfmlightwhficaionbysfimuladauisfiouofmfiafiouthatis

prodwedbyplachgaflumescmgmateddmaopficalcmdtytypicanywmistedoftwo

parallel mirrors facing each other[93], Figure 17. Usually both minors are coated to

increaserefiectanceforthewave-lengthofthelaser. Therearmirrorisalmost 100%

mflecfingandthefiomm,i.e.theouqnnminor,isparfiaflyuansmiuingwith

reflectanceR<1toextractlaseroutpm

Usually, the fluorescing medium is excited to higher energy state by optical

pumping for solid state laser or by electric arc discharge, electric glow discharge, or

microwave excitation for gas lasers.
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reflectiencg
outputmirror

rcarmirror    
Figure 17. Basic laser cavity

'I'herearebasicallytwowaysbywhichatomsatexcitedstatcscanradiate

energy[94]. Oneisthespontaneousemissionprocessinwhichexcitedatomschangeto

lowerenergystaterandomly. Fluorescentlightproducedthiswayisnotdirectionalnor

coherent,i.e.consistsofvariousfiequenciesandphasec. Thcotherprocessinvolves

stimulatingtheexcitedatomsbyanextermlelecuomagneticfieldorlightfinthecaseof

haer)oftheproperfieqmy.Thisiscafledmeion.1hisprocess

prodmescohemmfightofflresamefiequencyanddirecfionofpropagafionasthe

stimulatingsource. Sincethesfimulatedemissionindrwesmomemissiomtheresultis

amplification ofthe original light sigml.

Figure 18(a)showstheenergydiagramofatlnee-levelopticallypurnpcdlaser

mdimegtriplyionizedchromimninarubylaser. Theactuallaseractioninvolves

transitionsfiomlevetholevellthatproducephotonsofenergyhv. Theatomsofthe

medimnstr'onglyabsorbphotonenergy,hv,,ofthepurnplightandexcitetotheenergy

bandatthirdlevel. However,thislevelisneverpopulated,i.e.thefiactionofatomsin

level 3 (n,) is approximately zero, due to nearly instantaneous non-radiative transition

fiomthisleveltolevelZ. 'I'hethirdlevelisrequiredtoachieveanecessaryconditionfor

ampfificafioncanedpopulaioniuvasionthathefiacfionofatomsmleverznpis
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greaterthanthefi'actionofatominlevellmr Definingn=n,-n,,atgroundstate n,=

n,=0,n,=1andn=-l;thepopulationinversionisattainedwhenn>0.

Higher eficiency can be obtained with a four-level laser that has the ground level

is far below the lower laser level or the level 1, Figure 18 (b). In this case, the lower

laserlevelistmpopulated,i.e.n,=0,thus,anypopulationinleve12givesrisetoan

population inversion. Therefore, it is not necessary to pump a four-level laser from n =

—1 to n = 0 before achieving gain. Moreover, the four-level laser medium never exhibits

absorptionofthelaserlightitselfbecausen,=0.
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Figure 18. Energy diagrams of(a) three-level laser and (b) four-level laser

Iftheopticalcavityisconfigmedconectlyandthefluorescentmaterialis

homogeneous, multiple reflections are possible in the direction defined by the two cavity

mirrors. Lightampfificafionoccmsifthegainduewsfimmatedemissionisgreaterthm
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theabsorptionlossandtheoutputthroughfi'ontmirror. Whenthisconditionoccm'sthe

laserissaidtooscillateorlasewithhighlydirecfionalandcoherentlight

2.4.3.1 Nd:YAG Solid State Laser

TheNd:YAGlaserwasdiscoveredinl961,anditisnowthestandudindusuial

solid state laser. The active medium of Nd:YAG laser is triply ionized neodymium

atoms, a typical four-level laser medium, which replaces some ofthe yttrium atoms in the

host yttrium aluminum garnet, Y,Al,0n or YAG. Major components ofa Nd:YAG laser

head are shown in Figure 19, which consist of a dual-elliptical pump cavity, adjustable

MandrearminorsandtheopfionalQ-switchandnonlinear-crystalharmomc

generator. 'I'helaserrodandflashlampsareenclosedinfirsedquartzflow-tubesfor
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Figure 19. Typical Nd:YAG laser cavity
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In the long pulse mode, i.e. without Q-switch, the pulse-width is typically a few

hundred microseconds to a few milliseconds which corresponds to the fluorescent life

time of the laser medium and the duration of the excitation flash-light, rcspectively[95].

On the other hand, the Q-switched pulse-width is typically ten to a few tens of

nanoseconds which is closely related to the cavity life time determined by the distance

between mirrors and the reflectance ofthe output mirror[93].

2.4.3.2 Excimer Gas Laser

The term excimer stands for excited dimer, a molecule consisted oftwo identical

atomsandexistsonlyinanexcitedstate,suchasHe,andXe,. Nowadays,excimeris

usedtodescribeanydiatomicmoleculethatexistsonlyinexcitedstate,suchangBr,

ArF,KrF,XeClandotherrare-gashalide molecules. Thefactthatthesemolecules exist

mexcuednatemakememgwdeandidatesaslasamediabecausemeydecomposesmm

mbondedabmsafiertmsifionfiomexcitedstateandanflomaficaflyde-popuhtethe

lowerleveloftransition.

Excimerlaserswerediscoveredinmid-l970s,andverysoontheybecame

commercially available because existing transversely excited atmospheric-pressure

carbmdioxidehserhardwamworksreasmablywcflwimthemwlydevelopedlaser

media. The major problem involved in this conversion is the halogen corrosion which

hasbeensolvedwithhalogenresistantinternalcoatiny96].

Thelasermedimnisamixtmeof90-99960fheliumorneonbufl‘ergasto

facilitateenergytransfer,1-9%ofAr,KrorXeraregastoformexcimermolecules,and

0.1 -0.2% of F3, Brz, C1,, HCl, HBrorI-IFashalogen donor. Thelife time, typicallyin

theorderoflO‘shotsorafewhomsatZOOshots/s,ofexcimergasmixtureisveryshort.

Thisresultedintheproblemsofhighoperationcost,approximateSSOperchargeofgas

mixune,mdhandlingofhazardsdischargedgas[97].1heexcimerlasemmsfifl
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relatively new, and mainly used in research laboratory. However, with the recent

development of large industrial excimer lasers in kilowatt range, the operation cost per

joule oflaser energy is expected to be lower[98].

Excimer lasers used for PLD process typically have a wave length of 193 nm

(ArF), 248 nm (KrF) or 308 nm (XeCl), a pulse-width often to a few tens nanoseconds, a

pulse-energy ofa few hundreds milli-joules.

In this study, a millisecond pulsed Nd:YAG laser with 1064 nm wavelength was

used. The advantages of using an thYAG laser over an excimer laser are as follows:

First, high power Nd:YAG lasers can be easily operated at high repetition rate with high

pulse-energygthusalargerdepositionratecanbeexpected. Second,ithasawiderange

of possible output wavelength by harmonic generation, namely near-infrared 1064 nm

fundamental, green visible 532 nm 2nd harmonic, and ultraviolet 355 nm 3rd harmonic.

Third,therealechoicesofawiderangeofopelationmodes suchashighrepetitionrate

mode, long pulse (ms) mode and Q-switched (ns) mode. Finally, due to its solid state

design,itdoesnothavecomplicatedmovingcomponents, suchashighvacuumpumps,

and,thereisnomdforexpensiveandcorrosivegases.
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3. EXPERIMENTAL PROCEDURE

3.1 Target and Bulk High TC Superconductor Preparation

Both BSCCO and YBCO superconductors were prepared from high purity, at

least 99.9% pluity, single-metal oxides or carbonates. Initial grinding before ealcination

and intermediate grindings between multiple calcinations and final sintering were

performed with a pestle and mortar. Afier initial crushing of large particles, methanol

was added to form a slurry to increase the grinding efl'lciency. Methanol was chosen as

the grinding medium to prevent possible degradation of the superconducting compound

due to moisture pickup[99, 100].

3.1.1 Pb-Doped BSCCO 2223 Superconductor

Starting materials of Bi,O,, PbO, SrCO,, CaCO,, and CuO were weighed and

mixed to have Bi:Pb:Sr:Ca:Cu cation ratio of l.5:0.5:2:2:3. This starting composition is

chosenfiomthenponeddanfmmardmizingthecfiucaltemperatmecomidedngmat

some lead loss may occur during laser calcination[38,40]. This powder was thoroughly

groundwithapestleandmortartoensurethroughmixing.

3.1.1.1 Laser and Conventional Calcination obe-doped BSCCO

The mixed fine powder was placed in a specially designed slow rotating pan and

irradiated with a defocused pulsed Nd:YAG laser beam at two different power levels of

50 and 90 Watts, Figure 20. .

53
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Figure 20. Laser ealcination apparatus
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Dminghseruradiafiomthepowderwasconstanflysfirredbyastauonaryvane

attached to the rotating pan. Periodically, calcining powder was reground to ensure

uniform laser-powder interaction. The average linear speed of the rotating pan with

respecttolaserbeamwasabout25cm/s. A400WNd:YAGpulselaserwithapulserate

oflOOpulses-per-secondandapulsewidthof2.2mswasusedduringallthe

experiments. Thelaserbeamwasfocusedtoa4mmdiameterspot. Thus,the

pulse-energy density was 1 or 1.8 J/cm’, and the peak-power density was about 450 or

800 W/cm’, Table 2.

Forcompafisomanidenficalbatchofpowdermixtulewasalsocalcined

conventionallyinafrnnacesetat830°Cfor7homs.

Table 2. Calcining conditions ofPb doped BSCCO

 

 

 

   
 

 

laser power pulse-energy peak-power density time

(W) density (J/cnn’) (W/M’) (hr)

sample A 90 1.8 810 0.5

sample B 50 l 450 1.5

sample C Conventionally calcined at 830 °C for 7 hours   

3.1.1.2 Sintering obe-doped BSCCO

Ihelasercalcinedandconvenfiomflycalcinedpowderswerepeflefizedudtha

0.5” diameter mold and a hydraulic press. One drop ofamyl-acetate (CI-I,COOC,H“) per

gramofpowdermixtmewasusedasabinderforbettergleenstrength. Thesepellets

weresinteledat865 °Cinairfordifl‘erentdmations oflS, 50, 85,100,and240hours,

thenfmnacecooledtoroomtemperatmeatarateabouthO°Clh
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3.1.2 YBCO and Ag-Dopcd YBCO Superconductors

YBCO targets with stoichiometlic composition were prepared from high purity

Y,O,, BaCO,, and CuO using conventional solid state sintering process. Finely ground

powder mixture was firmly hand packed in a alumina pan for double calcination at

930 °C for 10 hours. It is important to pack the powder firmly because the ealcination

and formation ofYBCO will be greatly accelerated

The double-calcined sample was carefully ground and pelletized with molds of

different geometry and a hydraulic press. One drop of amyl-aeetate per gram of powder

mixtlu'ewasusedasabinderforbettergleenstrength Thesepelletsweresinteredat

950°C for36hours. OnlyYBa,Cu,O,phasewasdetectedinfinalsinteredYBCOtarget

by using a x-ray dim'action method.

SilverdopedYBCOtargetswerepreparedbycmshingYBCOpelletsandadding

16 wt% or 24.5 wt% of 99.9% purity Ag,0. Well-mixed powder was pelletized and

sinteredat 850 °C for 12hoursplus 930 °C for 36 hours plus960 °C for48 hours. Only

verysmallamormtofimpmityphasewasdetectedwithx-ray dimactionmethod

3.2 Substrate Preparation and Silver Thin Film Deposition

Substrates for ion-beam assisted millisecond PID were metallographically

polished polycrystalline silver (99.9% pure), commercial grade polycrystalline alumina

substratewithS umsilvercoating,opticallypolished(001)ytuimnstabflizedzirconia

(YSZ)and(001) YSZwith0.2 umsilverbuffer layer. Multi-layerAg-dopedYBCO/Ag

tapeswerestartedwithaStoSO umlayerofsilveroncommercialgradefirsedsilica

slides.

Silver bufl'er layers ofthe ceramic substrates and silver layers ofthe multi-layered

tapeswerepreparedbyconventionalvactunnthermalevaporationM'E). Atungsten
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wire basket was used as heat source to evaporate silver chips of 99.9% purity onto room

temperature substrate. The base pressure ofthe evaporator was lxlO“ torr.

3.3 Millisecond Pulsed Laser Deposition

ARAYTHEON SS-500 SERIES 400 Watts pulsed Nd:YAG laserwasused This-

laser is operated at the fundamental line of the Nd:YAG crystal, i.e. wavelength of

1.064 um,andhasamaximum pulse-energy of 50 Joules. The pulse-rateiscontinuously

variable fi'om l to 200 pulses per second The pulse-length, variable from 250 as to

7.2 ms, and pulse-shape, most often square wave or triangular wave, can be selected by

reconfiguration of the pulse-forming-network of the pumping flash lamp. The square

wavepulseshaveaminimumpulse—lengthofl.2ms,whilethetliangularwavepulses

have a maximum pulse-length of 1.2 ms.

Anadjustablebeamexpanderisusedtoexpmdthelaserbeamsizetoabout 10

mmdiameter. 'I'hisexpandedbeamisbentdownwardinthefocusingheadequipped

wimacoaxialmmocrflmmicroswpethatisahgnedwiththehsubeamandusesme

laserfocusinglensasobjectivelens. 'I'hisconvenientmicroscopecanbeusedtoaimthe

targetandtoinsituobservethelaserirladiatedtarget. 4"or8"Plano-convexlensmade

ofUV-gradefirsedsilicaisusedtofocuslaserbeamontothetarget. Figure2lisasketch

ofthelaserbeamdeliverysystem.



58

 

 

  
 
 

 
   

  
 

 

 

Monocular

Safety Shutter

n == 1.06 pm

Absorption
:MW

Filter

Nd:YAG —’~.——-- \ Emded

Mirror

ControlS Expander
_..... F .

Lens

 

 

Work Piece

 

Figure 21. Laserbeamdelivery system
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3.3.1 Plasma assisted PLD Apparatus

3.3.1.1 Plasma Assisted PLD Chamber

The design and consti'uction of the PLD vacuum apparatus were a major

undertaking ofthis research project The preliminary results ofthis research were

gatheredwithavacuumchamberthatisconvertedfiomasectionofanoldHitachi

transmission electron microscope, Figure 22.

This chamber has an internal size of4" diameter by 4" high, one 3" diameter

fused silica optical window and three 3" diameter accessory ports on the side. Normal

O-lingsareusedthroughoutasvacuumseals.

Ahalfinehbrassplatewasmachinedtocoveroneoftheaccessoryportto

fadfihtewldefingmbmzingofgasifletandcoppermbefmelecuicfeed-mrough.

Oxygenisinuodlnedmthechamberbya1/8”coppermbmgmmtheblassphw

withavacmunsealformedbysoldering. Oxygenflowintothechamberiscontrolledby

aneedlevalveandmonitoredwithaflowmeter. ‘I'heelectricfeed—throughwasmadeby

embeddingsixcopperwiresinbakeliterodwithtwoO—ringgroves.

A3/4”almninmnplatewasmadetosealthebottomofthechamberandtomormt

PLDparts. Anl.5"diameteropening,onthetopofthechamber,withanO-ringgroveis

adoptedtoanopticalwindowtodeliverhighenergylaserpulses.

3.3.1.2 Target and Target holder

Arotationtargetholderisdlivendirectlybyadcmotorinsidethechamber. A

speciaflydesignedfom-piecemoldwasusedmploducebulkYBCOtargetfings,

Figure23. Targetringsinsteadofmoreconvenfionaltargetdiskswereusedtomaximize

targetsurfaceutilizationandtopleventunevenetchofthetarget.



 

 

 

 
 

      

 

  
        
 

Figure22. PIDchambermedforpreliminarystudy
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Figure 23. Specially designed mold, and YBCO target ring produced by using this mold
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The uneven etching of the target will result in misdirected plume, i.e. the

evaporated species, because laser induced plume always ejected perpendicularly to the

target surface. This concern is especially imponant for millisecond-PLD process due to

much higher target material removing rate compared to nanosecond-PLD.

3.3.1.3 Heated Substrate Holder

Substrate holderwasmade ofstainless steeltoholdthe substrate of20mmx 10

mmsize. Ihesubstrateheaterwasplacedinthesubsuateholderdirectlybehindthe

substrate. 'I‘hisheaterwasmadebywindingFe—Cr-Alalloyheaterwireonagrooved

alumina blocktogetashighas650 °Csubstratetemperature.

3.3.1.4 Oxygen Plasma Generation

Intenseoxygenplasmawascreatedbyapplymgmoscinafingdchighvoltageto

thesystem. Thehighvoltagepowerisgeneratedbyusingastep-downtransformerthat

converts110V60Hzacpowerinto6Vor12Voutputupt010A. Thisoutputis

convertedinto lZOHzoscillatingdccurrentbyafull—wave diode-bridge. Aautomobile

ignitioncoilisthenusedtostep-upthevoltagetoapproximatelylKV. Becausethis

Mgnexceedstheorigimldesigneapabilityofthehighvoltagecoil,itiscooledbya

copperwaterjacket.

Iheiflfialdesignconsistedofasflverudrelmpanode,mdtheeathodecomisted

ofthetargetandsubstrateholders together, Figure24 (a). Figure 25 shows pictures of

thedepositionapparatusdulingadepositionprocess.
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Figure 25. Plasma assisted PID chamber (a) with the laser head and (b) close-up view
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lawnafilsedsificambewiththreesflverwireloopelecuodeswasusedmstead

of the original single wire-loop anode, Figure 24 (b). This is to confine the oxygen

plasmatotheareabetweenthetargetandsubstrate, andtoreducethetarget heatingdue

to electron bombardment.

3.3.2 Plasma Assisted Millisecond PLD Process (PPID)

Table 3 lists the important processing parameters. The chamber is pumped with a

two-stage mechanical pump to get a base of about 20 mtorr. The vacuum requirement

formillisecondPIDisnotasstrictasfortheconventionalnanosecondPIDbecausethe

totalprocessingtimeismuchshorterduetoordersofmagnitudehigherdepositionrate.

Thechamberwasflushedwithptueoxygenseveralfimesaflerinifialpmnpmgto

diluteresidualair. Dmingdepositionprocessastreamofoxygenfloweddirectlytoward

thesubstrate,anda250mtorrofoxygenpressluewasmaintained

Table 3. Important Processing Parameters for plasma assisted PLD

 

 

 

 

 

 

 

 

 

 

 

 

PROCESS PARAMETERS

Wavelength 1064 nm

Pulse Widtll 2.2 ms

Repetition Rate 2 rmlses / 3

Spot Size on Target 15 mm2 elliptical spot

Pulse Energy Density 40 J / cm2

Peak Power Density 18.18KW/cm2

Substrate Temperature 500 °C

Target to Substrate Distance 3.5 cm

Chamber Pressure 250 mtorr ofoxygen

Target Material Conventional sintered YBCO ring with

near stoichiometry composition

Post-Annealing $00,600,850 and 940 °C in air or oxygen    
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Laser pulses used had 6 joules per pulse pulse-energy, 2.2 ms pulse-width, and the

repetitionratewasZpulsespersecond(pps). Theselaserpulseswerefocusedtoa 15

mm2 elliptical spot on the target. This spot size was chosen to cover the entire width of

the ring to prevent uneven erosion of the target, Figure 26. However, the maximum peak

power density was restricted below 0.02 MW/cm’. The resulting pulse-energy density

and peak power density were 40 J/cm2 and 18.18 KW/cm’, respectively.

 

   
 

Figure 26. A YBCO target ring alter deposition process
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3.3.3 Ion-Beam Assisted PLD Apparatus

Due to the 0.02 MW/cm2 maximum peak power limitation, and the target

overheating problem, designing of a flexible material-processing chamber was initiated

Thegoalwastodesignanapparatusthatcouldsolvethepresentproblemsandwas

flexible enough to be adopted to solve future problems.

Tominimizethecostanddevelopmenttime,standardhighvaculnnand

mechanical parts were used whenever probable, and all other parts were modified or

machined light in the laboratory.

3.3.3.1 Ion-Beam Assisted PLD Chamber

Thechamberbodyisastandardsminlesssteelhighvacmmfivewaycrosswith

6'mbediametermd8”standardwnflatflanges‘.1hedistamefiomthecemerofthe

five-waycrosstocachoftheflangeisapproximately6.5",Figme27.

'I'hetopportandtheportontherightarecoveredwithstandard8"to4l/2"

nducingflangesthatacceptstandardpermanenflysededopticalvieWponsor

customizedadapters for standard 3" diameterand1/8” thickness optical window blanks.

Aflotherthreeportsarecoveredwithstandard8"blankflanges.

Iaserbeamisiruroducedintothechamberthroughthetopponandasmaflhole

onthestainlesssteellining. 'I‘heliningisapieceofthinsheetthatcoverslefithrough

righttubesectionstocatchdebrisfiomms—PIDprocessandtolimitdebrisenteringthe

top, fiont and rear sections ofthe chamber.

" AllhighvacumrcompormareobtainedfrornthaKutJ. LeskerCompany,ClairtonPA
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Figure27.Theion-beamassistedP1Dchamberandthelaserhead
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The mechanical pump is connected to the chamber through a high gas

conductance brass light-angle high vacuum shutoffvalve, with 1 1/2" bore, Viton O-ring

bonnet and seat seals and bellows shaft seal. A brass needle venting valve and a stainless

steel thermocouple gauge tube are located close to the chamber on the 2" brass tube

connecting the float port of the chamber and shutoff valve. The thermocouple gauge is

connected to a JC CONTROLS model 100TC controller with one set point and a

bargraph display ofvacuum from 1000 to 1 mtorr.

The right port with an optical window is used for process observation Figure 28

is a sketch of the chamber arrangement, which shows the penning ion gun, the heated

substrate holder and the x-y target manipulator, viewed fiom the right view port.

3.3.3.2 Spatially Resolved Emission Spectrum Analyzer

Figure 29 is a sketch of the spatially resolved emission spectrum analysis setup.

Alemisusedwimagemehsermdmedphmethroughtheobservafionwindowmmme

entrance slit of a optical multi-channel analyzer (OMA). This imaging lens is mounted

masmndardlemholderthatpermitseasychmgeoflenseswithdifi‘erentfocal lengths

toobtaindifi’erentfieldofviewandspatialresolution. Aprecisionlinearslideisusedto

movethelensmountforfinefocus. Acubebeamsplitterislocatedbetweentheimaging

lensandtheOMAslittosendapproximatelyhalfoftheintensityupwardtothesingle

lensreflex(SLR)camera. TheopticalpathdistancesfiomtheimaginglenstotheOMA

slit, andthe camerafilmplaneare settobethe same; therefore the plumecanbefocused

throughthecameraviewfinderandrecordedonthefilmforfintheranalysis. Alloptical

componentsexceptthecameraammadeofINgradefilsedsflica(veryofiencafled

"quartz”)topreservetheultraviolet spectrum. Theemissionspectrmnanalyzersetupis

placedonastablecartwithadjustablehigh,andtheopticalcomponentsaremountedon

anoptical rail for precision alignment, Figure 30.
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Figure 28. The ion-beam assisted PID chamber viewed from the right view port
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Figure 30. Spatially resolved emission spectrum analysis setup with PLD chamber
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3.3.3.3 Oxygen Ion Gun

AsketchofthehomemadepenningiongunisshowninFigure31. Asectionofa

1.5" diameterfusedsilicatubeservesasthebodyof the iongun Major components of

thegunaremadeofbrass. Teflonandaluminaareusedaselectrical insulators. Vacuum

seals are formed using heat-resistant silicone O-rings. When high voltage is applied to

the gun under proper oxygen pressure, glow discharge occurs between the cathode plates

andthecylindricalanode. 'l'heoxygenionbeamisextlactedfromthegunthroughahole

inthefrontcathodeplate,Figrue32.

Theiongunismormtedinsidethefrontportwiththehighvoltagefeedthrough

andtheoxygengasfeed through mountedonthe flange, Figure 33. Thehigh voltage

feedthroughwith23/4”conflatflangehasfourcopperconductorsthatarecapableof

carrying75Aat5KV. 'I‘heoxygengasfeedthroughhasonell4”stainlesssteeltubeand

all/3"conflatflange. Aprecisionneedlevalveisusedtocontrolthegasflow. The

mdlevalveandtheiongmmeconnectedmthefeedthroughusingstandardbrass

compression fittings.
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Figure 32. Penning Iongunatwork
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Figure 33. Penning ion gun mounted on the front port flange
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3.3.3.4 High Frequency High Voltage Power Supply

A high frequency high voltage is chosen to power the oxygen ion gun to increase

thesafetyoftheoperation. Thisisduetothereasonthathighfiequencycmrentis

confimd to a very thin surface layer ofa conductor.

The high frequency high voltage power supply is based on a TCL4 PLUS high

frequency high voltage supply parts kit furnished by INFORMATION UNLIMITED‘.

Figure34 isthecircuitdiaglamofthe modified high voltage power supply.

TheNPNuansistorQlissettooscillatebythefeed-backwindingofthehigh

voltageuansformer,andtheoscillationfiequencyissettobe10t020mz Output

witageisconfiofledbyavmiableresisththhroughaconuol-uansistorQBanda

poweruansisthZthathmimthecmrentmroughthteandthepdmmywindingof

high voltage transformer. Two high power 2N3055 transistors and one TlP31 power

uansistorareusedtoreplacetheofiginalpoweruansistorsQlandQZ,andthe

control-transistor Q3toincreasethere1iabilityandoutput ofthe circuit“. Performance

ofthecircuitisfilrtherimprovedbyfancoolingthetransistors. Themodifiedcircuit

providesapproximately40Wattstotheprimarywinding Thisgivesapploximatelyl

KVandafewtensofonutputatthehighvoltageside.

Tofiuthermcreasetheoutpln,aseparatecirctntconsistedofa555TlMER

oscillatoratZOKHLandalZOWattspoweramplifiercanalsobeusedtopowerthe

‘ information Unlimited, Box 716, Amherst NH 03031

" Radio Shack Electronics Store
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3.3.3.5 X-Y Target Manipulator and Heated Substrate Heater

Left port ofthe chamber is used for specimen exchange. The specimen stage, and

the heated substrate holder are mounted on a 8" flange that rides on rails for easy access

and alignment. A picture of this setup, with the substrate holder removed, is shown in

Figure 35 (a), and the heated substrate holder is shown in Figure 35 (b).

Anx-ytargetmaniprflatorisusedinsteadofamore commonrotatingtarget

holder,togenerateazigzagareascammgthatfifllyufihzeamctangulartarget surface

with any beam spot size. The x-y manipulator is designed to have a low profile, and

resembles a typical sample stage ofa scanning electron microscope. Each axis is driven

by a bellows sealed linear motion feed through

Two stepper motors, SLO—SYN #MA61-FS-62019‘ with 200 steps per revolution

resolution,and6002-innormalholdingtorque,areusedtodlivethelinearmotion

feed-throughs through telescopic double universal joints, NORDEX CMX-Al-l and

CNS-Al-l“, to accommodate linear motion and axial mis-alignment.

The stepper motor controller is built around two single-chip stepper motor

controllers ( HURST MFG. CO. NO. 220001‘“ ), and the scanning pattern is generated

using a 556 DUAL-TIMER and six position switches.

Substrate heater is made offour layers ofFe-Cr-Al strip heating element enclosed

maalmnmaboxwiththinalummasheembetweenthelayem.1hisheateriscovemd

withsilverandhasfourstainless steelboltstoholdthesubstrates. Astainless steel

radiation shield is used to reduce chamber heating and to increase heating efficiency.

'C and H Sales Co., 2176 E. Colorado Blvd, Pasadena CA 91107

" Nordex 00., 50 Newtown Rd, Danbury CT 06610-6216

”' Hum MFG 00., Box 326, Princeton IN 47670
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Figure 35. (a) Low profile x-y target manipulator and (b) Heated substrate holder
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3.3.4. Ion-Beam Assisted Millisecond PLD Process (IBPLD)

An8"quartzlensfocusesthelaserbeamtoanellipticalspotabout1mm’insize

onthe target at 45° to the laser beam Laser induced plume is ejected perpendicularly

fiomthetargettowardthe substrateatadistanceabom3t035cmfromthetarget.

Substrates were held at 650 to 750 °C for IBPLD during deposition by a

resistance heater. On the other hand, the deposition temperature for the multi-layer

Ag/YBCO composites were 200 to 250 °C. This is to prevent peel-off of the tape from

thesubstrateduetothermalmis-mathIOl],andyettoprovide enoughtemperatureto

achieve a good adhesion ofYBCO film on the silver layer.

Dmingdeposifiomthechamberwaskeptat100to300mtorrofoxygenafiera

prmpdowntoZOmmnbasepressme,andflushedwithoxygensevemlfimesmfiiany.

Fmtheiowbemassifleddeposifiomasfiemofoxygeniomgenufledbythependng

iongmopuatedataboleV,wasusedtosupplyacfivatedoxygentotheplumeand

growingfilm. Figme36showsthelaserinducedplumeandtheoxygenionbeam with

40 J/cm’ pulse energy density, 250 us pulse-widthand 300 mtorr oxygen pressure.

Important process parameter for IBPID films and VTE / ms-PLD multi-layer

tapesarelistedinTable4.

3.4 Post-annealing

Sincetheas-depositedPPIDandIBPlDfilmsandtheYBCO layersofthe

multi-layer tape were not superconducting, post-annealing was required

TheplasmaassistedPIDfilmswereannealedat500,600,850and940°Cinair

oroxygenfordifi‘erenttimes. FortheIBPIDfilms,thepost-amlingwasmadeat

850°Cfor30t0120minutesinair. Iossoffimespeeiallyfiomthecomersandedges

ofsmples,wuoceasimfllyobsewedThiscanbeprevMedbycmefingmefihnwitha
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piece of YBCO sintered bulk during annealing. YBCO/Ag multi-layer tapes were

annealed in a YBCO box at 855 and/or 905 °C for 10 to 60 minutes in air.

Table 4. Important Processing Parameters for IBPLD Films and VTE / ms-PLD Tapes

 

   

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

  

PROCESS IBPLD FILMS V'I'E / ms-PLD TAPES

PARAMETERS

SILVER LAYERS (VIE)

Heat Source I —- tungsten wire basket

Evaporator Base -- 1x10" Torr

Pressure

YBCO LAYERS

Wavelength 1064 nm 1064 nm

Pulse Width 0.25 - 2.2 ms 0.6 -2.5 ms

RepetitionRate 2pulses/s lor2pulses/s

SpotSizeonTarget ~lmm’ ~1,3.5,or7mm2

PulseEnergyDensity «to-ZSOJ/em2 60-300J/cm2

PeakPowerDensity 0.12-0.32MW/cm2 0.05-1MW/cm2

Substrate Temperature 650 - 750 °C 200 - 250 °C

Target to Substrate 3.5 cm 3 cm

Distance

ChamberPressure 100to300 mtorrofoxygen 100to300 mtorrof

oxygen

GrowthRate 2.5nm/s 2-50nm/s

Target Material Conventionally sintered conventionally sintered

YBCO with near stoichio- YBCO, 15% Ag doped

metry composition YBCO, 23% Ag doped

YBCO

Post-Annealing 850 °C for 30 to 120 min. 855 and/or 905 °C for 10

in air to 60 min. in a YBCO box    
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Figure 36. Laser induced plume and oxygen ion-beam

 



3.5 Sample Characterization Methods

3.5.1 Crystal structure and Phase Identification

X-ray dim-action (XRD) method was used to study the crystal structures, to

identifyphasesandtocontrolthepost-annealingprocess. CuKaradiation, obtainedby

using a Ni filter or a double-crystal monochrometer, and a computer controlled

dimactometer (Scintae-XDS-ZOOO difl‘ractometer, Scintag Co.) were used. As sintered

or as depodted surfaces were used most of the time; however, mechanically polished

surfaces were also examined occasionally to isolate any possible surface efl'ects such as

surface texture and surface composition variation

3.5.2 Microstructures and Chemical Compositions

Merosnuctmesweresmdiedusingbothoptiealmieroscopeandscanning

electron microscope (SEM). Samples for optical microscopy were metallographically

pofishedfoflowingstandardprocedmesusmgemerypapermdaltmimpowderof

various particle sizes. Small samples were hot mormted with bakelite before polishing.

Methmolwasusedasthegfindingmedirmmpreventmoisnuepickupandposmble

degradationofthesuperconductors.

Scanning electron microscopy was performed directly on diamond-saw cut

smfacesmfiacuuesmfacesfmbulksamples,mdmpmnfacemfiacnuecross-secfion

for films and tapes. Samples were ultrasonically cleaned in methanol and mormted with

copperconductingtapeorsilverpaint Averythinconductingvacuumevaporated

coatingofPt-Pdwasusedformicrostructmeobservationofasdeposited

non-superconductingfilms.



85

A Link energy dispersive x-ray spectroscope (EDS) attached to the Hitachi

S-2500C scanning electron microscope was used for chemical analysis. EDS quantitative

analysisofthecafionswasmadepossibleusmgcahbmfionstandardsandtheZAF

sofiware supplied with the system. The backgrormd noise calibration and processor gain

calibration were performed using Au Lal line at 9.711 KeV.

The standards have to cover all elements analyzed and have to be as close as

possible chemically to the unknown sample. For YBCO samples, a sintered

stoichiometric bulk was used as a standard due to non overlapping strong emission lines,

i.e. Y L-lines, Ba K-lines and Cu K-lines.

0n the other hand, four different oxides, SrCuO,, Ca,PbO,, Bi,CuO4 and

CgCuvaemusedasstandmdsfmthePbdopedBSCCOdtwmoverlappedemission

lines. Achestandardswerepreparedfromhighpmitymetaloxidesorcarbonatesby

whdsmtesimmngpmcesssimflumtheprepanfimofbmkhigthmpemondmtom.

Allstandardswerecalcinedat600°Cfor15hand750°Cfor3 hfouowedbysintering

at900°C for48hexceptforBi,CuO,whichwassinteredat800°Cfor2h Final

compositions ofthe standards were determined by ion coupled plasma (ICP) analysis.

3.5.3 Electrical Resistance and Magnetic Susceptrbility Measurements

Resistancemeamemmwemperformedusinganamo-balancingacbfidgewith

a lock-in amplifier (Linear ResearchLR-400) with a standard four-probe technique. This

bridgeiseqrfippedwithamtnualinducmnceopfionthatallowsthismsuumemm

fimctionasanauto—balancingmutualinductancebridge. Thus, the mutual inductance,

whichisproporfionalmmeumagneficsuscepubifityofmem-phasecompmemQGcm

bemeasureddirectly. Thisbridgehasanadjustableexcitationcmrentfiom 1 uAto3

mAandresoltuiomoflmicro-ohmandlmicro-hemyfmtheresismnceandmmual

inductancemodesrespectively. Figure37isawiringdiagramforbothresistanceand

mutualinductancemeasurements.
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Figure 38 is a sketch of the computerized resistance versus temperature (R-T)

measurement setup. Four-point contacts are formed by sandwiching four rectangular

gold-coated wire-wrap pins and the sample between two bakelite blocks and two

poly-vinyl chloride (PVC) blocks. The rigid bakelite outer blocks are used to insure

uniform clamping pressure on the four pins, and the deformable PVC inner blocks are

used to accommodate the thermocouple and slight variation of the pins and sample

thickness.

The sample is cooled by inserting the whole clamp setup into a half filled liquid

nitrogen dewar, Figure 39. A very stable cooling can be achieved in the liquid nitrogen

vapor to within 10 K ofthe liquid nitrogen boiling point The cooling rate can be

increasedbydecreasingthedistancefiomthe liquidnitrogenstn'faceorbyincreasingthe

heaterpowertocreatemorevapor. Amanual laboratoryjackorasteppermotor driven

linearmofionthreadedmdisusedtoconfiolthedistancebetweenthesample clampand

the liquid surface. For temperature close to 77 K, the sample clamp is completely

submergedinliquidnitrogen,andthenslowlyliftedoutofthe liquidnitrogen

Figme40isasketchofthemagneticsuscephbilitymeasmementdeficethat

consists of induction coils, specimen holder with thermocouple, and liquid nitrogen

deliverysysteni ThecircuitdiagramisshowninFigure 37.

WhentheacexcitationcmrentwasappliedtotheprimarycoilmadeofBOOO

turns of #32 AWG magnet wire, it produced a uniform magnetic field arormd the

secondarycoilsmadeonOOOtmns#34AWGmagnetwireeach Intheabsenceofa

magneticmaterial,theacvoltageinducedbythcsamplesecondarycoil exactlycancels

theacvoltageinducedbythereferencesecondarycofl.However,anon—zero signalis

proportional to the magnetic susceptibility ofthe sample ifa magnetic material is present

in the sampling coil.
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Figure 38. Computerized resistance - temperature measurement setup
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Figure 39. Cooling device for resistance - temperature measurement
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To obtain the temperature dependence of magnetic susceptibility, the device is

cooled by liquid nitrogen After the temperature is stabilized, the liquid nitrogen level

control-valve is shut to let the temperature rise slowly. Temperature and mutual

inductance are continuously recorded via a computer. A reference curve, with an empty

sample holder, is collected before each sample curve as the background. The

backgrormd is deducted from the sample curve to get the final result.

3.5.4 Four-Point Bending Test

The mechanical strengths ofYBCO and Ag-doped YBCO targets were compared

using a four-point bending test. Figure 41 shows the four-point bending device. The

dismebetweentheomersupponsa)is20mm,andmedisMncebetweentheimer

supports(a)is10mm. Rectangularbarspecimemofémmwidth(b)and2.5mmdepth

(d)wereused ThemodulusofntptmeMOR)istheflexmalsuength,i.e.thefiactme

strengthofamaterialtmderbendingload. Forfour-pointbendingMORequals

3P(L-a)/2bd’. Sets of five samples each fiom YBCO and 15%Ag-doped YBCO were

testedtodeterminestrength.
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Figure 41. Four-point bending setup

 



4. RESULTS AND DISCUSSION

4.1 Factors Which Affect Processing ofBulk YBCO Superconductors

It was found that careful wet grinding and firm hand packing greatly accelerates

the ealcination, and formation of the YBCO compound. Furthermore, higher purity of

starting oxides and carbonate, i.e. purity of99.99% or better, also enhanced the formation

ofthe YBCO compormd over the 99.9% purity starting chemicals, Table 5.

It was also found that powder preparation before final sintering affects quality of

the sintered superconductor. Highest green density was obtained with well crystallized

YBCO powder, i.e. powder with shiny black particles.

4.2 Laser Calcination and Kinetics ofFormation ofBSCCO - 2223 Phase

Since the discovery of superconductivity in this compound[31], many efforts

have been made to maximize the amount of high Tc - 2223 (110 K) phase. A major

enhancementintheformationofhigth-2223phasewasmadebydoping

Bi-Sr-Ca-Cu-O compound with Pb[32-36]. However, with Pb doping, about 200 hours of

total processing time is required to obtain a single or nearly a single high TC phase.

4.2.1 Kinetics ofFormation ofBSCCO - 2223 Phase

It has been shown that addition of Pb enhances the formation of 110 K (2223)

phase in Bi-Sr-Ca-Cu-O system because of kinetic reasons[32]. It has also been shown

that formation ofthe high Tc phase can be enhanced by melt-quench method with Ca and

Cu rich starting compositions[37].
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Table 5. Effect ofstarting powder purity and powder compaction on formation ofYBCO

 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   
      

99.9+% starting chemicals 9999+ starting

chemicals

loosejOWdCl' firmly hand packed power

color of bulk pale green dark green dark geen

bonding and loose powder very weakly bonded weakly bonded

930 °C shrinkage

7 hf X lheism bulk no no no

effect wden no partially and very partially mixed of

weak strong and weak

color of bulk green very darkgreen dull black

bonding and loose powder weakly bonded and no strongly bonded,

930 °C shrinkage significant shrinkage shrunk significantly

7 hr X 2 but crushed powder is and crushed powder

notflufl‘yeasytopack iseasytopack

meissner bulk no weak weak

efl‘ect rowder no morethanhalfis morethanhalfis

“098 strong

color of bulk dark green dull black shiny black

bonding and very weakly strongly bonded and strongly bonded and

930 °C shrinkage bonded shrunk significantly very hard to crush

7 111' X 3meissner bulk no strong strong

efl'ect Powder partially and very majority strong all strong

weak

color of bulk very darkgreen shiny black —

bonding and weekly bonded strongly bonded and

930 °C shrinkage rand no significant well crystallized —

7 hr X 4 shrinkage

eissner bulk weak strong —

effect wder partially and all strong —

[PO weak

color of bulk dull black —— -——

bonding and bonded and

930 °C shrinkage shrunk —— -—-

7 hr X 5 sigificantly

eissner bulk fair — ——

effect [powder partiallystrogg -- ——

color of bulk shiny black —— —-

bonding and strongly bonded

930 °C shrinkage and well — —

7 hr X 6 cgstallized

eissner‘ bulk stronL —-- —--

rlefiect [powder majority strong —- —
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A similar melt-quench effect was obtained when Bi-Pb-Sr-Ca-Cu—O powder

mixture was exposed to high energy and short duration laser pulses. Coarse particles

were formed by localized melting. Due to a localized rapid heating and quenching,

chemical homogeneity of the well mixed starting powder was preserved Therefore, we

were able to greatly increase the rate of formation, and the volume fraction of the

high-Tc phase ('1'c ~ 110 K) without using any excess Ca and Cu in the starting powder.

The mechanism of formation of high TC phase by laser and conventional

processesappeartobequite difl‘erentasindicatedbytheXRDdata. AsseeninFigure

42, the conventionally processed sample initially showed a mixture of low Tc - 2212

phase and Ca,PbO,. As the duration of sintering increased, the amount of Ca,PbO,

decreased, and a phase cycling behavior was observed[35]. The high TC - 2223 phase

was then formed by a reaction between the low Tc phase with Ca,PbO, and Ca,CuO,

[102,103].

Difi‘erent results were observed for two laser processed samples at two difi‘erent

laser powers, Figure 43 and44. At an early stage ofsintering, predominately a low Tc -

2212 phase was formed After prolonged sintering, the high Tc phase, Bi,Sr,Ca,Cu,Ox,

was formed via an unbalanced reaction ofthe following form[104]:

2Bi,Sr,CaCu,0, -> Bi,Sr,Ca,Cu,OY + 13i,Sr,CuOz

Theinitialformationof2212phaseleavessomeexcessCaandCuionsofthe

starting stoichiometric 2223 composition The 2201 (Bi,Sr,CuO,) phase formed, then

combineswiththermusedCaandCuionstoformtheloch-ZZIZ phase. Therefore,

comparedtothehigth-2223phase,theamountofretained2201phaseinlaser

calcined sampleswasnotlarge.
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A considerable amormt ofCa,CuO, was also formed in sample B afier prolonged

sintering. Due to the complexity of this sample, it is diflicult to determine how much

Ca,CuO3 was present. EDS analysis were performed on fractured surfaces of this

sample. 'l'heEDS andXRD data supportthe assumptionthat Cawas infact trapped in

the form of Ca,CuO, in the sample B[39]. Thus, a low volume fraction of high Tc phase

and the zero resistance temperature below 77 k were observed for this sample.

Duetothehighenergydensityofthelaserbeamsomeweightloss,intheform of

particulate ejection, of the starting powder is unavoidable during laser ealcination

process. Thus, the final compositions of laser calcined and conventionally calcined

sample were analyzed by EDS rather than by a weight loss measurement. No significant

compositional difi‘erence was found through the chemical analysis.

4.2.2 Microstructures and EDS Analysis ofLaser Calcined BSCCO

Scanning electron micrographs shown in Figures 45 (a) and (b) indicate a

characteristic plate-like grain structure. The 90 Watts laser-processed sample , fig 45 (a),

showedwell-grownplates 10-30 umwideandabout l umthick. Theplate size oflaser

processedsamplewasabomZ-Sfimesashrgeastheconvenfiomflyprocessedone.

Scanning electron micrograph of50 Watts laser-processed sample shows plate-like grains

and some not very well defined phase, Figure 46. Figure 47 shows EDS spectra collected

fiom areasofthe samples showninFigure 45 and46.
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Figure 45. Scanning electron micrographs of(a) 90 Watts laser-processed

sample, sample A, and (b) conventionally processed sample,

sample C
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Figure 46. Scanning electron micrograph of a 50 Watts laser-processed sample



102

 

(a) ., ll : i sample A

 

 

    
Figure47. EDSspectr'mnscollectedfromareasofthesamplesshownin

Figure45and46
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4.2.3 Resistance and Susceptibility Measurements ofLaser Calcined BSCCO

The measurements made on the resistance and the magnetic susceptibility of laser

and conventionally processed samples are plotted as a function of temperature in

Figure 48 (a) and (b). All these samples show superconducting onset temperature of

about 110 K. The zero resistance temperature of 90 Watts laser-processed sample, after

lOOhourssintering,isabout98K

The second inflections ofthe ac susceptibility curve were observed for sample A,

sintered for 100 hours, and sample C, sintered for 240 hours. The second inflection in

these two samples is likely due to Josephson-like weak coupling between the high Tc

grains[105]. A sharp drop in magnetic susceptibility for sample A, sintered for only 85

hours, can therefore be attributed to the absence of Josephson-like weak coupling

Although the laser and conventionally processed samples show similar onset transition

tempuatmesmdovmafltendsthemsmtsshowedthatdependmgontheprocessmg

conditions the laser processed samples can have a significantly large resistance transition

width.
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4.3 Millisecond Pulsed Laser Vapor Deposition

4.3.1 Problems with Millisecond PLD

4.3.1.1 Target Overheating Problem and Peak Power Density limitation

The greatest problem with the millisecond pulse deposition is overheating of the

target due to high pulse energy density input required a. create a reasonable peak power

density on the order ofa million W/cm2 for deposition

This is due to approximately five orders of magnitude longer pulse-width of the

millisecond laser pulse. Hundreds of Joule/cm2 pulse energy density is required to

achieve a peak power density close to a million Watt/cm’, which is still much lower than

thepeakpowerdensityproducedbyananosecondlaserpulseattypicallyafewJ/cm2

energy density.

With a rotating target, overheating and severe local melting are major problems.

Avery highpulse energyisrequiredtoobtaintherequiredpeakpowerdensitybecauseof

thelarge, 15 mm’elliptical, spotsizenecessarytocovertheentirewidthoftheringto

prevent uneven erosion ofthe target.

To avoid formation of excessive liquid phase, and severe segregation with a

mtafingdng-mrgetptnseenergyandprnseenergydensityamfimiwdm6lomesand

60 J/cm’. However, the maximum peak power density is restricted below 0.02 MW/cm’

with a 2.2 ms pulse-width.



106

4.3.1.2 Oxygen Depletion

As mentioned before oxygen stoichiometry is very critical in obtaining a good

YBCO superconductor, and the equilibrium oxygen content decreases at elevated

temperatures. Oxygen depletion on the deposited film is expected due to a combination

of high laser-induced plasma-temperature and a low oxygen pressure. Moreover, this

problem is expected to be aggravated by the high deposition rate ofins-PLD process.

4.3.2 Pressure Dependence ofLaser Induced Plume

Itisformdthattheshapeoftheplume,thustheangulardistnbutionofthevapor

spedes,isshonglydependeMonmepressmemthedeposifionchamber,Figme49. The

difl'ennceisevenmoreevidentbycompafinglasermdrwedpltmesmvacmnnandm

one atmosphere air, Figure 50. The angular dependence of various species and

dependenceoftheuspafialdismbufionmflnchamberpressmeandotherpamem

canbestudiedusingaspatiallyresolvedemissionspectrometer.
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Figure 49. Oxygen ion-beam, and laser induced plume with 250 us pulse-length

and 40 J/cm2 pulse-energy density at oxygen pressure of(a) 100 mtorr

and (b) 300 mtorr
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Figure 50 Laser induced plume with 250 us pulse-length and 40 J/cm

pulse-energy densityrn one atmospherearr
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4.3.3 Ion-Beam Assisted Millisecond PLD

4.3.3.1 Effect ofX-Y Target Manipulator

To ease the overheating problem and peak power limitation, a x-y target

manipulator was used to obtain a zigzag scanning pattern instead of a more commonly

used rotating target configuration This allows the whole area of a rectangular target to

be scanned withamuch smaller laser spot size.

As a result, much higher peak power density can be obtained with a combination

of much shorter pulse and much smaller pulse-energy. Peak power density as high as

0.16 MW/cm2 was obtained with a 1 mm2 spot size, 0.4 J pulse energy and 250 um

pulse-width

Even with pulse-energy density as high as 0.16 MW/cm’, a relatively flat target

surfacecanbemaintained Thisisduetothefactthatasmalllaserspotandlow

prune-eneryaflowmorecoolingfimeoneachlocationofthetargetsmface.

4.3.3.2 Effect ofOxygen Ion Gun

Averylargedifl‘erencewasfomdbetweenfilmsdepositedtmderidentical

conditions except with or without an oxygen ion-beam.

When deposited without an oxygen ion-beam, Figure 51 (a), only a very light

coating of a light brown color is deposited on the substrate which is about 0.5 cm

recessed in the heater. The brown color ofthe film indicates oxygen deficiency. The light

coatingmaybeexplainedbythepositionofthesubstratewhichisloeatedoutsidethe

plume, Figure 49 (a).
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Under the same conditions, except with the oxygen ion-beam turned on, a

uniform black coating is obtained on the substrate, Figure 51 (b). This observation

indicates that oxygen ion beam not only helps to replenish oxygen but also helps to drive

vapor species onto the substrate.

4.3.3.3 Spatial variation offilm composition

An uniform coating of YBCO, with large area coverage more than 1" diameter,

has been successfully deposited on fused silica substrates by ion-beam assisted laser

vapor deposition, Figure 52. Typical energy dispersive spectra ofYBCO film and YBCO

target are shown in Figure 53. Results of quantitative analysis using EDS are

summarized in Table 6. Compared to the stoichiometric composition, as-deposited film

is slightly high in barium content and low in yttrium and copper contents. However, an

increasehytdirmmdafiuthudecreasehcoppercontenEmeobsewedafiermepost

annealing treatment

Table 6. Typieal compositions ofYBCO films produced by IBPLD process

 

 

 

 

 

sample conditions yttrium atomic % barium atomic 96 copper atomic

%

as deposited on silver substrate 14.6 37.1 48.3

850 °C 60 min annealed on sil- 18.8 36.6 44.6

ver substrate

850 °C 120 min. annealed on 18.4 34.1 45.8

Ag-coated (001) YSZ

850 °C 60 min annealed on 21.2 34.1 44.7

Ag-coated alumina substrate      
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Figure51. Silversubstratesinsubstrateheaterafierlaservapor

depositionwith0.,25mslaserpulses 40J/cmz pulseenergy

densityanleO mtorrofO deposited(a)withoution-beam

and(b)withion-beam
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Figme52.ChemicalcompositiondisnibudonofasdepositedIBP1DYBCOfilm

onfusedsilicasubstrate(quantitative-Sanalysis)
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4.3.3.4 X-ray Diffraction Analysis ofIBPLD Films

Data on XRD study of as-deposited and annealed films on silver substrate are

summarized in Figure 54. Due to a high deposition rate of the IBPLD process, x-ray

dimaction patterns of as-deposited films only show peaks from the substrate plus a few

broad peaks around 30° of29 angle which are attributed to various compounds of Y,O,,

BaO and CuO as well as YzBaCuO, , also known as 2-1-1 phase[106], Table 7.

Table 7. List ofpossible compounds which might produce a strong dimaction peak

 

 

 

 

 

 

 

 

 

 

 

 

near 30° of26 for Cu Kc. radiation

COMPOUND 2-theta I HKL 2-theta I HICL 2-theta I HKL

ZBaO.Y,O3 30.4 x 103 28.8 7 110 41.14 4 200

3BaO.2Y,O3 29.28 x I 10 30.09 9 112 42.6 4 207

4BaO.Y,O3 30.09 x - 29.09 9 -- 41.6 5 —

BaO.CuO 29.33 x 600 30.15 5 61 l 40.05 3 741

BaO.Y,O3 29.68 x 320 29.48 6 40 31.05 6 121

2CuO.Y,O3 31.32 x 211 33.2 9 204 33.51 5 13

2YZO,.BZrO2 29.7 x 211 29.42 4 3 34.35 3 122

BaO.ZrO2 30.14 x 110 43.14 4 200 53.52 4 211

2BaO.ZrO2 29.18 x 103 29.83 9 110 43.33 3 200

3BaO.ZZrO2 30.16 x 1 10 29.58 9 105 43.22 6 200

Y,BaCuO, 29.88 x — 30.51 7 - 53.52 4 211            
ThreestrongestpowderdiffiactionlinesfiomCuKalineradiation

column ”I": xfor strongestline (100%); othersx 10%

Justhalfanhourofpostannealingat850 °Cconvertsmajorityofthefilmtothe

1-2-3 phase which is believed to be influenced by microscopic chemical homogeneity of

thefilm. Fmtherameaflngremdtsmfiutherdecreaseofthemn-superconducungphases,

and development of a higher degree of c-axis preferential orientation which is clearly

indicatedbythe increasingratiobetween002 peaknear 15° and 103/110 peaknear 33°.
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As-deposited films on (001)YSZ and (001)YSZ with a 0.2 mm silver buffer layer

show similar results as those for the films on silver substrate. However, after post

annealing, a strong film/substrate reaction was observed on films deposited on (001)YSZ,

which is indicated by an additional peak ofxBaOerO2 near 43°, Figure 55. It is found

that 0.2 mm of silver bufl‘er layer effectively minimizes degradation caused by

film/substrate reaction of(001)YSZ substrate, Figure 55.

4.3.3.5 Microstructure ofIBPLD Films

Typical microstructure of YBCO as deposited film on (001) YSZ, produced by

ion-beam laser vapor deposition process with 0.25ms laser pulse and 40 .l/cm2 energy

densityisshowninFigureS6. Asimilarmicrostructurewasalsoobservedforthe

as-depositedonsilverzhowever,aquite difi‘erentmicrostructurewasformdfortheas

deposited film on (001) YSZ with silver bufl‘er layer, Figure 57. Figure 58 shows

microsfiuctmeonBCOfilmsdepositedonsflver,aflerhighkmpemhneamalhg.
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FigureSS. XRD onBCOfilmsdepositedona(001)YSZsubstrateand

a(001 YSZsubstratewithanAgbufl‘erlayer
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Figure 56. Scanning electron micrograph ofan as-dcposited IBPLD film

on (001) YSZ (0.25 ms laser pulse with 40 J/cm2 pulse-energy

dcnsitl')
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Figure 57. Scanning electron micrograph ofan as-deposited IBPLD film

on (001) YSZ with silver buffer layer (0.25 ms laser pulse with

40 J/cm pulse-energy density)
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4.3.4 VTFJms-PLD Multi-Layer Ag/Ag-Doped YBCO Tapes

4.3.4.1 Effect ofAg Addition to YBCO Target

In IBPLD process, a zigzag scanning pattern of the target with a x-y target

manipulator reduces target overheating problem and produces YBCO films with correct

compositions. However, for a prolong deposition without frequent resurfacing, the pulse

energy density is restricted to about 60 J/cm2 which limits the deposition rate below

10 nm/s.

The target overheating and severe melting problems were completely resolved by the

combination of silver doped target and zigzag target scanning pattern. This improvement

is believed to be caused by higher densities, higher thermal conductivities and better

mechanical strengths ofthe silver doped YBCO targets.

The density of silver doped YBCO target increased from about 77% theoretical

density, for the pure YBCO target, to about 84% theoretical density, assuming the rule of

mixture, for both 15 wt% and 23 wt% Ag-doped YBCO.

The flexural strengths of YBCO and 15% Ag—doped YBCO targets, determined

by four-point bending, are 12.38 :t 2.39 and 30.51 :i: 0.75 MPa, respectively. Both the

strengthandthe scatteringofstrengthdataare greatly improvedbythe silver addition

As a result, continuous deposition rate as high as 50 nm/s was attained with only

15% silver addition ‘

Picture of both YBCO and 23% silver doped YBCO targets after ins-PLD

processes, with a moderate pulse energy density, shows clear improvement in resistance

tosurfacerougheningbysilverdoping,Figure 59. Thedepositionparametersusedwere

2ppspulse-rate,1mm/sscan-rate,1mmfeedper-scanand6OJ/cm’pulseenergy

density.
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YBCO-+23% AG
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Figure 59. YBCO and 23% Ag-doped YBCO targets after 4 or 15 laser scans

Figure 60 shows scanning electron micrographs of target surfaces alter four laser

scans under same conditions. YBCO target shows severe cavitation and cracking while

23 wt% silver doped YBCO appears to be flat and smooth

Cross section micrographs of the same YBCO target, Figure 61 (b), shows an

almost delaminated resolidified layer of approximately 30 um thickness. On the other

hand, the 23 wt% silver doped target only shows a very thin and continuous resolidified

layer, Figure 61(a). These differences are even more evident after fifteen laser scans

under the same conditions, Figure 62.
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Figure 60. SEMmicrographstakenfiom surfacesof(a) 23%Ag-doped

YBCOtargetand(b)YBCOtargetafterfomlaserscans



Figure 61. Cross section SEM micrographs of(a) 23% Ag-doped YBCO

and(b) YBCO targets after fourlaser scans
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Figure 62. Cross section SEM micrographs of(a) 23% Ag-doped YBCO

and (b) YBCO targets alter fifteen laser scans
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Similar improvement in the resistance to high power laser pulses is also formd

with only 15wt% of silver addition to YBCO target. Due to the superior properties of

silver doped YBCO targets, 15% silver doped YBCO targets were used for deposition

process.

4.3.4.2 Adhesion between Ag layer and Ag-Doped YBCO Layer

Figure 63 shows a target after 35 minutes of continuous deposition process and

two Ag/Ag-doped YBCO multi-layered thick tapes with approximately 8 microns of

Ag-dopedYBCOtoplayers. Oneofthefilmshasbeenbenttoshowgoodadhesion

betweentheAg-dopedYBCO layerandthesilver,nodelaminationwereobserved

The as-deposited Ag-doped YBCO layers appear to be nooth and dense with

goodadhesionthatcanbeseenfiomSEMmicrographstakenfiomsmfaceofan

as-deposited film, Figure 64 (a), and fiactured cross section ofa silver doped YBCO/Ag

film. Fism 64 (b)-

Figure 65 shows atypicalopticalmicrostructme ofanannealed 15wt%Ag-doped

YBCOfilmafterpolishing. Thefilmappearstobeverydense,andmostofthesilver

content forms uniformly distributed micron size particles.
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Figure63. A15wt%Ag-dopedtargeta1ter35 minutesoflaser

irradiation, and two AglAg-doped YBCO multi-layered

thicktapeswithapproximate8micronsong-doped

YBCOtoplayers
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Figure 64. SEM micrographsM (a) surface ofan as deposited film, and

(b) fiactured cross section ofan Ag-doped YBCO/Ag film
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Figure 65. Typical optical microstructure ofan annealed,

15 wt% Ag-doped YBCO film



130

4.3.4.3 Effect ofPeak Power Density on the Composition ofAg-Doped YBCO Layers

EDS data collected from Ag-doped YBCO layers, deposited under different

conditions, are shown in Figure 66 along with an EDS spectrum from a silver doped

targetforcomparison Peakpowderdensityisthemostimportantlaserparameterin

ms-PLD process. Samples produced with the same pulse energy density but different

pulse duration, hence difl‘erent peak power density, have quite different compositions.

Samples deposited at peak power density of about 0.9 MW/cm2 have compositions very

close to that of the target. On the other hand, samples with lower peak powder densities,

e.g. about 0.2 MW/cm’, show yttrium and copper depletion

4.3.4.4 X-ray Dimaction Analysis ofAg-Doped YBCO Layers

TypicaldataonlfltDstudyofas-depositedandamealedAg-dopedYBCOlayers

aresummarizedinFigure67. TheXRDpattemofasdepositedAg-dopedYBCOlayers

showverybroadsilverpeaksandaverybroadpeaksarormd30°of2-Osimilarto

as-deposited IBPLD films. The as-deposited layers are more amorphous than

as-deposideBPIDfilmsduemmmhlowersubsnawtempemnneandtheabsenceof

highenergyoxygenion-beam.

Just 20 minutes ofpost processing annealing at 855 °C, converts majority ofthe

layertol-2-3 phase. Thisisbelievedtobecausedbymicroscopic chemical homogeneity

oflayers. Ftutherannealingat905°Cfor30minutesresultsinadecreaseofthe

non-superconducting phases. Higher degree of c-axis preferential orientation, indicated

bytheimreasmgintensnyoftheOOZpeaknear15°,isobmimdbyanaddifional30

mhanedhgaW5°Qhowwerthemdesirablesecondphasealwdewlopsdming

prolongannealing.
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ch 560= 517    

Figtue66. .Sspectrafiom(a)15%Ag-dopedYBCOlayerdepositedwith2.5mslaser

pulses,27OJ/a-’enerydensityandabout0.2MW/cm’peakpowerdenfity

(b)15%Ag-dopedYBCO layerdepoaaedwnhoemsrasetpmaeazroJ/em‘

energy density and about 0.9 MW/cm2 peak power density, and (c) 15%

WYBCOW
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Figure 67. Typical x-ray diffiaction patterns taken fiom as-deposited and

annealed 15% Ag-doped YBCO layers
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4.3.4.5 Critical Temperature ofAg/Ag-doped YBCO Tapes

Critical temperature (Tc) ofthe annealedtapeswasmeasmedusingastandard

four-probe technique with an auto-balance bridge. Figure 68 is a typical

resistant-temperature curve of Ag/Ag-doped YBCO tapes annealed at 855 °C for

20 minutes and 905 °C for 30 minutes respectively. A metallic behavior (positive

temperature coefiicient ofresistivity) is observed in the normal state followed by a broad

transition, and a TC ofabout 77 K.
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5. SUMNIARY

5.1 Factors Which Affect Processing ofBulk YBCO Superconductors

The preparation of bulk YBCO superconductors, through conventional solid-state

processes, has been systematically studied. Carefirl wet grinding and firm hand packing

were formd to greatly accelerate the ealcination and formation of the YBCO compound

Furthermore, impurity less than 0.1% in the starting materials can significantly retard the

formation ofthe YBCO compound.

High green density is important in obtaining high quality bulk superconductors.

High green density can be obtained using a well crystallized YBCO powder with a shiny

black appearance.

5.2 Laser Calcination ofPb-Doped BSCCO

The problem associated with sluggish kinetics offormation of2223 high Tc phase

in Pb-doped Bi-Sr-Ca-Cu—O system was investigated

A laser ealcination process for Pb-doped Bi-Sr-Ca-Cu-O (BSCCO) material was

established that reduces total processing time of obtaining a near-single phase high Tc

material to about 100 hours. The high Tc phase was found to form via a different kinetic

path in laser calcined sample compared with the conventionally processed sample.

The onset critical temperature ofthe laser calcined sample was found to be about

110 K However, the zero resistance temperature was about 98 K.
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5.3 Ion-Beam Assisted Millisecond PLD

An ion beam assisted millisecond pulsed laser vapor deposition process was

developed to fabricate YBa,Cu,Ox (YBCO) high Tc superconductor films.

Target overheating problem is greatly reduced by using a zigzag scanning pattern

ofthe target with a x-y target manipulator. With the x-y target manipulator, peak power

density up to 0.16 MW/cm2 can be attained to deposit YBCO film with a composition

close to the target composition Large uniform YBCO film was successfully deposited

on fused silica substrate.

High energy oxygen ion beam used in this process is found not only to replenish

oxygen, but also to help propagating vapor species onto the substrate.

As-deposited films are composed of various compounds of Y,O,, BaO and CuO

as well as Y,BaCuO,. Due to microscopic chemical homogeneity of films, films with

majority of 1-2-3 phase are formed byjust halfan hour ofpost annealing at 850 °C.

The silver buffer layer is found to efiecfively minimize degradation caused by

film/substrate reaction of(001)YSZ substrates during post annealing

5.4 VTE/ms-PID MAS-DOM YBCO Tapes

A new process, combining ms-PLD and vacuum thermal evaporation (VIE)

techniques, was developed to produce a multi-layer Ag doped YBCO/Ag thick film.

The target overheating and severe melting problems were completely resolved by

thecombinationofsilverdopedtargetandazigzagtargetscanningpattern This

improvement is believed to be caused by higher densities, higher thermal conductivities

and better mechanical strengths ofthe silver doped YBCO targets.
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As a result, continuous deposition rate as high as 50 nm/s was attained with only

15% silver addition Ag doped YBCO layer and the silver shows good adhesion, no

delamination were observed even after bending.

Peak power density is found to be the most important laser parameter in ms-PLD

process. Samples produced with high peak power density have compositions very close

to that of the target. On the other hand, samples produced with lower peak powder

densities show yttrium and copper depletion

The ms-PLD processed Ag-doped YBCO tapes show a metallic temperature

dependence ofresistance in the normal state and a broad transition to a TC ofabout 77 K.
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Addendum to the review of Selected Theories of Superconductivity

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

List of Symbols

H magnetic field strength E, Fermi energy

B magnetic flux density v, velocity of electrons at E'

A magnetic potential field F. superconducting state free

energy density

1 current density Fa normal state he energy density

T temperature 9 Debye temperature

Tc critical temperature 0n Debye frequency

e charge ofan electron U electron-phonon interaction

matrix elements

m mass ofan electron EI superconducting energy gap

C speed oflight in vacuum 3. penetration depth

k, Boltzmann’s constant M London penetration depth

h Planck's constant g coherence length

It h / 2n 5,0 intrinsic coherence length

e' charge of superconducting x Ginzburg-Landau parameter

charge carrier (1: = 7d: )

m' mass ofsuperconducting (D total magnetic flint

charge carrier

n conduction electron density (Do fluxoid

ns superconducting electron Hc thermodynamic critical field

density

n', density of superconducting HeI lower critical field

charge carrier

N, normal state electron density at H,2 upper critical field

the Fermi energy
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Al Two-Fluid Model:

A. 1.1 Free Energy in Superconducting State

Letn=NNbethedensityofallconductionelectrons,whereNandVare the

total number of conduction electrons and volume of the sample. n, and n. denotes the

superconducting and normal-state electron densities, respectively. The two fluid model

assumes a free energy ofthe conduction electrons in superconducting-state as

 

Eden = xl/zrnmm —x)£sm [56].
 

where x = nn/n is the fiaction ofnormal state electrons.

Freeenergyofnormal stateelectronsissettobe

fnm = —YT2/2

in order to get a linear electron specific heat ofnormal -state, i.e.

 

Cm: -T

5260')
61‘2 = 'yT.

Freeenergyofsuperwndrwfingelecfiomissettobeequaltothesupemonducfing

condensationenergy-B,i.e.£s~(‘r)= 43. Sincex=0at0K,ie.allelectronsare

incondensedstate,F:(0.0)= —B

All Temperature Dependence ofSuperconducting Electron Density

The equih'brium fraction of normal-state and superconducting electron at

temperatmeTcanbeobtainedbysetting(6F/OX)T =0.
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2 4 4
=.Y_T_ = l 2 -

xequg 16132 _ (Tc) ,where Tc — 413/7. Therefore,

 

n,/n= 1- (UL)4 l;therefore,n,('1‘c)= 0 and n,(0)= n .

A13 Temperature Dependence ofThermodynamic Critical Field

TheparametersBandycanbederivedusingthepropertythatthefieeenergy

difference between normal and superconducting states is equal to the magnetic energy at

the thermodynamic critical field, i.e.

2

Fn-F,=%:- anan=fn= -yT2/2

F" — F, = a. - {XI/2f" +(1-x)f_,}

= {1- crrrc>2}(-v'r2/2) — {1— (mark—p)

.-. s{—3’§(r2 -— r4rr3) + 1- {my}

s{—(2/TZ:) (T2 - WI?) + 1— any}

2

B{l- arra)’}2= ’3‘;-

 

9

[H.m= (81Il5)m{ 1 - any} = He(°){ 1 - arr.)2}|
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A.1.4 Electron Specific Heat

Consider the Helmholtz free energy, F(V,T) = E - TS, the following relations are

true for any reversible process:

dF=-PdV-S¢II‘ ; (6F/5T)V=-S;

dS=dQRlT ;C,,= (dQ/my=(dE/d'l')y;

(Cyril/Dy = (dQ/T)V= dS . Therefore,

lee = T(dS/dI‘) .-. T%(-6F/5I')y= -T(62F/6T2) V l

 

The electron specific heat in normal and superconducting states, Cmand Ces,can

be obtained by -T(a21=,,/dr2) and —T(02F,/ar2) , respectively.

62F» a 6 ~71" a

-T—2- = ‘T'Sarf[7ir’('T)] = “T5679 = YT

a...mm (st-ail Ms re»

_ r B) 4 _ 1 B 4 1 4
_——+—r---—+—r- =——r—

I 2T? r2 '3 l 2'r% «rs/mi} ‘3 41% '3

 

 

[cw 4‘2? =3vTc(%)3
 
 

(ca / em, = {swede/ref} Ion) = 3
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A2 London Equation

The London equation is an important phenomenological theory based on the two

fluid model to try to understand the Meissner effect. Recall the result of the two fluid

model, the density of superconducting electrons is

2’t(t—Tl=1-C17Tc)“, neat): 0. and ns(0)= n ~

The current due to the superconducting electrons is j = -ev,,ns where vs is the

velocity of superconducting electrons which can be obtained from Newton's law

F = m(dv/dt) = -eE. Thus,

aI 6V c2.:-
E=flsfi=l%JE

substituting E above into Maxwell's equation, VxE = - gas/at) , yields

gtfiv x 1 + a): o [56].

The Londons showed that the Meissner effect can be account for by restricting the

solutions to those satisfying

B: TCVXJ whichiscalledtheLondon '
e n, t equation[55,56].

 

 

A2.1 London Penetration Depth

Another form of the London equation can be obtained by applying Maxwell's

equations, VxB=(4rt/C)j and V-B=0, and the vector identity, V x (v x B)=

V(V . n) - V2]; to the above equation that yields[55,56]
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2

B=-%C-Vx(2%VxB) =_ ”C V213 or V23=B/;.i J’

e n, 41tn_,e2
 

where 31. is the London penetration depth defined as

 

Lit—i a mC2 / 41tnse2| .

 

Yet, the other form ofthe London equation is obtained by taking curl ofboth sides ofthe

first form of London equation and applying the physical boundary V 0 j = 0 , that

yields[56]

VxB = (%'—)j=—;¥2”iVxij=-§fi[V(V-j) —v21] or

|v2j=1/A§|.

 

A.2.2 Exponential Decay ofthe Magnetic Field B and Supercurrent Density 1

V23= Elle: and v21=y It: indicate exponential decay ofthe magnetic field

andsuperctu'rentfromthefieestuface intoasuperconductorwithacharacteristic length

equal to the London penetration depth 3‘1.-

Forexample, letthefree surfaceofthe superconductortobeperpendiculartothe

x axis with positive x in the superconductor, and let the applied magnetic field parallel to

positive 2 direction and the supercurrent in the positive y direction Solutions for the

magnetic field and supercurrent density are[56]

 

 

[32 = Bz(O)exp(—x/ AL) land II? = jy(0)exp(-x/ KL) g ,respectively.
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A.2.3 Temperature Dependence ofthe London Penetration Depth

Temperature dependence of the London penetration depth can be obtained by

adopting the temperature dependence of (us/n) from the two-fluid model[56].

mm = (mCZ/ 41m,c2) 1/2 = {(mC2/4rmc2)/ [1 _ (T/Tc)4]}1/2

 

[mm = xt(o>[1 - cr/ m4?” I
 

A.2.4 Magnetic Potential Field A and London Rigidity

TheLondonequationcanalsobewrittenintermsofavectorpotentialA,which

winbeusedmdiscussingGinzbmg-Iandautheory,strchthatB=VxA. Thefirstform

ofLondonequationcanberewriteintermsofMas

 

 

C C

j “C 4:1}. 41:x12 '1:
 

4111

 

SincejccA ,wehaveV-A=0andA,.=0,whereA,. iscomponentoprerpendicular

toextemalsruface,inordertosatisfyingphysicalbormdaryconditionV-j=Oandjn=0.

Thiseqmfioncanalsobeobtainedinamoreinmitivewaybyconsideringthe

canonical momentum P=mv+(—eA)/C. London proposed a quantum mechanical

theorytlntifthegromdstatewawfimcfionismchangedbytheappficafionofthe

magnetic field, i.e. ‘I’ = To so-called London rigidity, the net moment P should be zero.

The London equation for the supercurrent density follows automatically[56,58].

 
_ “a ea _-_nei =_ C

l"’“’”” m(P+C)0’ tttCA 4,,sz
L
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1/2

2.1,(0): (mC2/41tne2) or in the SI units

“2

am) = (eomc2/ nez)

107/41tC2 Coul.2/N-m2 -9.iioxio-3l(kg)-02 1112/52( )( ) ( )

n(m-3)-(1.602x10-19)2(Cou1.2)

 

= tr“2 . 5.315 x106(m)= rm - 5.315 x1015(nm)

For metallic elements the conducting electron concentration, 11, is in the order of

1028~1029m'3[55]. The corresponding 2., in the order of 101~ 102nm.

Experimentally measured penetration depth in elemental superconductors tend to be

largerthanthe calculated 11(0) [56].

Formperconductorthinfilmsinmagneficfieldsparaflelwthefilm,themagnefic

field will penetrate the whole film resulted in incomplete Meissner efl‘ect ifthe thickness

offihnismuchsmallthanthepenetrationdepth. Veryhighcriticalfield,HOis

expectedinthissnuafionbecausethemdwedfieldismuchlessthantheapphed

magnetic field, and the fiee energy expression,

2

a

- 83
F" -F, = , no longer holds.

3L
?.
.

w
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A3 Ginzburg - Landau Theory (G.L. theory)

A31 Ginzburg-Landau Order-Parameter

Ginzbmg and Landau (1950) proposed a phenomenology theory of

mmerwndmfingsmtemmmsofaspafialwfiedorderparamewr‘l’(r)wmmvammesm

a second-order phase transition temperature[55,56,58]. ‘I’(r) is related to local

superconducting charge carrier density, n,’ .

 

‘I”(r)‘I’(r) = l‘1’(r)l2 =ne’(r) f
 

A.3.2 Ginzburg - landau Free Energy

In the absence of magnetic field and spatial variation of order-parameter, the

difi‘ereneeinfieeenergydensityisexpressedintypieallandauform[55].

F, 43. = -aI‘I’I2 + -;-BI‘I'I4 = —otn.,’ + gin?

ParametersaanchavepropertiesthatB>0foranysecond-orderphase

transition,a>0fortemperaturebelochanda<0fortemperatureaboveTc. This

energydensitydifi‘erenceexhrbitsastableminimmnat ‘I’=0forT>Tc,i.e.thenormal

state. Inthesuperconductingstate,i.e.T<Tc,adoublewellpotentialappearswith

minimaat‘l’=¢‘l’,[56]. ‘P,thegroundstateorderparameter,where‘l’,’defincdasthe

m1 value in the interior ofthe sample without spatial variation of‘l’and magnetic field,

canbeobtainedbysettingaF,—F,.)/bn,’=0[56].

 

‘1’3 " (What-Fayed; - o = “’9
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The equilibrium difference in free energy density can also be expressed in terms

ofthe thermodynamic critical field H:

F,-F.. = —ot(o/p) + %B(a/B)2 = 412/06): —H§/(81t)

An expression ofthe thermodynamic critical He in terms ofa and B is obtained.

ch = (4m2/p) 1,in

Taking into accormt the spatial variation of‘1’ and magnetic field yields[55,56,58]

 

 

2

Imam. om +2pm +—2,|( rliV —C)‘pl 0 MdBal,

 

where m' and e' are mass and charge of the charge carrier. (1/2m’)|(—iliV - e’A/C)‘I’|2

tammpresentsemrgymcnasecausedbyspafialvmiafionof‘l’,ansmgfiomkinefic

momentum -iliV and field momentum -e’A/ C. The trailing term is the energy increase

due to magnetic flux expulsion, i.e. Meissner effect, where B,| = H is the applied field

UsingtherelationB= H+ 41tMandB=0, duetocompleteMeissnereffect, yields

a. __a., at =3L12.
‘Io M-dBa- IO —4x-dBa 8x- 8x '
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A33 Ginzburg - Landau Equation

Minimizing Fs with respect to the order-parameter ‘1" yields

an__ 6

appear”

 {Fn - aW' + $33,2th

+ ~2-é7((—iliV - 53A)? ' (iliV " %A)qfl) + 18%}

= —ots1 + was" «ufifi—mv- %A)‘I’- (ihv- {31.4)} = 0

 

2 L; -2’. 2) _K—mpm +2m,| rhv CAI suol

 

This is called the Ginzburg - Landau equation that resembles a schrédinger equation for

‘1’ with an energy eigenvalue 0155,56].

A.3.4 Equivalence ofLondon Equation and Penetration Depth

MinimizingF,withrespecttothe potential A yields

5’5": = e—K-m"90Win") }as
L a

2
_ _ 2V‘I'V‘I" ille’ c _ o e_’ a 2 1 6(VxA)

‘2rn'aA{” + (:(I W ”1 )A+(c) ‘P TA }+s_r 6A

 

. , r2

=lingP‘EN'W-WW‘)+;%E§W‘WA+ 3‘;Vx(VxA)=0l-

 

This is another form ofthe Ginzburg-Landau equation Combining this result with

Maxwell's equationj = (C / 410V x H , yields

__ le’ll a a £1 a
j,(r)—-2—m-,-(‘P V‘P—‘I’V‘I’ )1th WA



148

This equation can be reformulated by using the expression ‘1’ = ‘I’oeiem fi'om the

BCS theory where ‘1', and 9 are magnitude and phase of ‘1’, respectively.

. , , . . . 92

j_,(r) = —%{‘Poe"9V(‘Poe‘6) - Toe-‘9V(‘I’oe”e)} — fifmza

jr(r) = gelslfiwe — °E’a) 2 c’l‘I’IZVS

In the London gauge 9 is constant[56], yields

 

  

$2 ’2

1,. mm A— m,C‘POA

 

Thisisinthesame formastheLondonequation

1 = -{C/(4a2tfi) }A .

A penetration depth 1. similar to the London penetration depth can be defined[55,56].

1/2

A: A = (m’CZBJM

4134??) 4xe’2a

aandpcanbeexpressedintermsofkandllcusingthisequationand

 

 

 

Hc = (4m2/B) 1/2 .

2 ,2

a = .11; - .e_H§;,2

4N5 rn’c2
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Using temperature dependencies from two-fluid model, i.e. t = T/TC, ‘1’: 0: ns/n

«(14‘)ch °C(1-t)’, temperature dependencies ofl’, a and B are obtained[56].

}.2oc(1-t“)-le(1—t)‘1

aoc(l—t2)/(l—t4)zt-l

Bcc(l-t2)/(l-t4)2zl

A.3.5 Coherence Length

Consider the Ginzburg - Landau equation in one-dimension and in the absence of

field, i.e. A = 0.

33.-“3% = (a— WWW)?

For temperature near T¢-,i.e.|‘1’l2 is small, the nonlinear term [5|le can be neglected

 

 

 

This equation has a wavelike solution I‘HX) = ‘I’oexp (-iX / Q] where

I: e I h2/(2m’a)] 1’2I is the coherence length[55,56].

An interesting special solution ofthe one-dimensional Ginzburg-Landau equation

considering the nonlinear term ISI‘PI2 can be expressed in terms of: defined above[55].

 

 

rot) = («Immtanh {x/(fz't.) I

Thissoltnioncanbevefifiedbydirectsubsunuionbacktotheofiginalequafion

Knowing-é-tanhx=sech2x,%secx=-sechx-tanhx and tanh2x+sech2x=1.
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--2'§:;—:I(wo)"2mnhI—J;—§II = -(g) "(i-9Maiding)

mermaid-a1}medals»
= aIl — tanh2(x #2:) I‘I’(x) = a‘l’(x) — Bl‘I’lz‘Hx)

 

Deep inside the superconductor, i.e. large x, ‘I’ = To = (or/B)“. The characteristic

length E, marks the extent of coherence of the superconducting wave-function into the

normal region

The dimensionless ratio between the two characteristic lengths A. and 5,, called

Ginzburg-Landauparameter,definedasrcE K/§,isanimportantparameterinthe

theory ofsuperconductivity.

* _1_919 B 1/2

If=§-e’lt ‘27) I
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A.3.6 Upper Critical Field and Type II Superconductor

Let the interface of the superconductor parallel to Y-Z plane and the magnetic

field B parallel to Z axis, i.e. B = sz ; therefore, the supercurrent and the potential field

A will be in the Y direction, i.e. A =ij.

_ _ _ 6A, aAy) 6A,, 5A, (6A,, 6A,)

B‘sz-VXA-(w’a ”(w-7h + “ax—“'3; k

BzzaAy/ax or sz =Ay or xB=A

At fieldnearthe uppercritical field H62 ,because PM2 is small, theGinzburg-Iandau

equationcanbelinearized

%(—ihv — g-A) 2‘? = 03’

.I-h2v2 +2%v - A + ($1) 2)?

 

 

 
 

This is ofthe same form as the schrodinger equation ofa fi'ee particle in a magnetic

field[55]. We should look for a solution in the form ‘1’: 0(x)epri(kyy + kzz)I .

Substituting this back to the equation yields[55]
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ZJJI-hsz + (9%" ' “kylzI‘l’ = (01- ":ro

I—h2m4(52+
—:222) +—2m47

%332+) Zille—Bxaay +(-e—Bx) 2:II¢(X)ci
(kyY+kzz)

= —£{ei(kywkzz) '%¢ + 1:320"wkzz) (DI

dx

 

..

_{H. We). 4%..)W).I

= ei(kyy+k’z)nt—,Idx-b2—22+lz2k2+(—x- liky) 2I<l> .

By shifting the origin from x=0tox=xo=—ltkyC/(e’B) , the x coordinate becomes

X = x - x,. Substituting to the above equation yields[55]

 

ea 2 nzki
m-éazz-d’m+— (2)2X @= ((1- 2111’ )0 ,

Thisequationisintheformoftheschrédingerequationforthemagnitudepart,u(x), of

an linear harmonic oscillator[107].

--“—-du+«1-kx2u=Eu

Undertheboundary condition u—rOasx-roo,the energy eigenvalueE canonlybe in

the form En =(n+1/2)hv=(n+ U2)“, W60=Wm)m is the angular frequency of

the oscillator and n is any non-negative integer.

(that. 
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The maximum magnetic Bmax =Hc2 is corresponding to n = 0[55]. Because the

supercurrent andA is in the Y direction, IE2 is zero.

H02 23m = 2am’C/(e’h)

1/2

This can be related to the thermodynamic critical field He = (41tt12/B) by using the

Ginzbug-Iandauparameterx:%f(%)m.

Hc2 = J5me

At onset ofvortex state, i.e. H 2 Hcl , the cross-section area ofa vortex is in the order of

1:)? because the magnetic field decays exponentially to zero over a distance in the order

ofpenetration depth M55].

He] sz¢OI n12)

Similarexpress forch canbeobtainedintermsofthe coherence length; [55].

He: =W = (”C- (ZnfiB '1 = eo/(mz)e’h e’

 

Actual expression for Hcl can be derived by considering the crossover point 1: = 1/J5

betweentypelandtypellsuperconductor,atwhicth, H01 andch shouldbeequal.

 

Relation between Hcl andch with the thermodynamic critical field He can be

obtained.
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Pa = <Do/(Zfiliz) = 5&ch

 

 

 Hcl = oo/(mmz) = —-°°—- - H62 — He 1
2x21r§21c2 — 2:2 - (5‘)]

 

Hcl'HCZ =H3 and Hal/HCZ = ”(21(2)

For many type II superconductors, ch >>Hc or 1: >> 1/J'2' , so He] is very small.
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