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This thesis investigates the local microstructure of epitaxial YBa2Cu307_8 thin

films with time differential perturbed angular correlation spectroscopy (PAC).

Like the related hyperfine techniques of nuclear magnetic resonance, nuclear

quadrupole resonance and the Mossbauer effect, PAC is a local probe, but has

the advantages that its sensitivity is temperature independent and that many

fewer probes are required. This makes it possible to apply PAC to the study of

thin films, otherwise forbidden territory for hyperfine techniques.

A thermal co-evaporation system for the deposition of YBa2Cu307_8 films and

an innovative method of incorporation of probes during the deposition

process has been developed. The films have been grown in both the

orthorhombic (8 = 0) and pseudo-tetragonal (8 = 0.75) structures, and carefully
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characterized by several techniques. Their properties are comparable to the 

best published. 

The PAC spectra show that 60% of the 111In probes substitute at a single site 

with a well defined electric field gradient corresponding to a quadrupole 

frequency vQ=39(2) MHz and asymmetry i=0.5 in the orthorhombic structure, 

and to vQ=20(1) MHz and 11 =0.4 in the tetragonal structure, at room 

temperature. The orientation dependence shows that the largest component 

of the electric field gradient is along either the a or b axis in the 8 = 0 case and 

along the c-axis in the 8 = 0.75 case. 

The temperature dependence of the spectra from -263 <T< 20 °C in air and 20 

< T < 750 °C in flowing 02 has also been investigated. The data indicate that 

the tetragonal-to-orthorhombic phase transition can be induced at 200-250 °C 

by annealing the films in flowing oxygen. There is also evidence that the 

phase transition from tetragonal to orthorhombic is not reversible in films. 

With further reduction of oxygen in the tetragonal phase, a new high 

frequency site emerges (vQ=133(1) MHz; 11 =0) that anneals away in flowing 

oxygen. 



©Copyright by Dennis W. Tom
 

July 17,1995
 

All Rights Reserved
 



Microstructural Characterization of YBa2Cu307, Thin Films with Time 

Differential Perturbed Angular Correlation 

by 

Dennis W. Tom 

A THESIS
 

submitted to
 

Oregon State Unversity
 

in partial fulfillment of the 

degree of Doctor of Philosophy 

Completed July 17, 1995
 

Commencement June 1996
 



Doctor of Philosophy thesis of Dennis W.Tom presented on July 17,1995

APPROVED:

Major Professor, representing Physics

Chair of Department of Physics

Dean of Gra e School

I understand that my thesis will become part of the permanent collection of

Oregon State University libraries. My signature below authorizes release of

my thesis to any reader upon request.

Dennis W. Tom, Author

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy



i 

ACKNOWLEDGMENTS 

Throughout my years here at Oregon State University, I had the 

pleasure of meeting a lot of nice people that made my experience here a 
positive one. First of all, I would like to thank my thesis advisor Prof. Janet 

Tate. Her guidance and support was invaluable while pursuing my research 

goals. She allowed me the freedom to pursue different experiments yet 
having the foresight of steering me clear of dead ends. I count myself 
fortunate having Janet Tate as an advisor. 

I would like to thank Dr. Roland Platzer for his involvement in this 

thesis. He show me the intricacies of PAC and made me appreciate the finer 

points of this technique. Without his help, this thesis would not be possible. 

I also appreciate the parties at his home and our discussions about Germany. 

Much thanks must go to Prof. John Gardner for his great insight in 
material science. I am indebted to him for our conversations about physics 

and PAC. His comments and suggestions proved useful in completing this 

work. 

How can I not express thanks to those in my research group. Jeanette 

Roberts help me a great deal whether it was helping me with an experiment, 

answering my numerous questions, or having something fun to do at those 

APS conferences. I wish her luck in her new job. Goran Karapetrov for his 

help and friendship. His lab savvy and always knowing a reference is greatly 

appreciated. Also, his ability to make me laugh with his funny outlook on 

life even when he was serious made my life here in the lab bearable. 



11 

Brandon Brown, what can I say other than "Finish Him!". Much thanks 
must go to him for those crazy diversions of Mortal Kombat not to mention 

proof reading portions of thesis. His friendship made life here both in and 

out of the lab a memorable one. I still can't believe you paid money for that 

tape of Howling Wolf! 

Life outside the lab was greatly enhanced by good friends. People like 

Tom Swanson, Jon Symmes, Matt Zacate, Mark Shroyer, Robin Zagone, Tim 

Mefford and a cast of others made my graduate experience an enjoyable one. 

Whether it was basketball, camping, or poker. I enjoyed those times 
immensely. Thanks for the memories guys! 

I would like to thank Jeffery Arasmith for all those crazy times. Words 

cannot describe my gratitude for his friendship and support. I count myself 

lucky having a good friend like him not to mention, he knows a lot of facts 

about Oregon. If you don't believe me just ask him. 

Finally, I would like to thank my parents for their never ending 
support. Without their love, constant encouragement, and guidance, I would 

not have accomplished my studies here. I dedicated this thesis to them. 



111 

TABLE OF CONTENTS 

page 

1. INTRODUCTION 1
 

1.1 The Y-Ba-Cu-O System 2
 
1.2 Film Growth Techniques 5
 
1.3 Different Types of Film Growth 8
 
1.4 Understanding the Microstructure of YBCO Thin Film 9
 

2. FILM GROWTH 13
 

2.1 Description of High Tc Evaporator 13
 
2.2 Inside the Evaporation Chamber/System 15
 
2.3 Calibration of different evaporation parameters 20
 

2.3.1 Quartz Rate Monitor 22
 
2.3.2 Measuring 02 partial pressure 25
 
2.3.3 02 partial pressure measured by a cold cathode 28
 
2.3.4 Heater Substrate Measurement and Calibration 30
 

2.4 Substrate Material and Cleaning Procedure 35
 
2.4.1 Substrate Material and Cleaning Procedure 35
 
2.4.2 Preparation of the Evaporator for Deposition 37
 
2.4.3 Deposition of YBCO Thin Film 40
 

3. CHARACTERIZATION OF YBa2Cu307_8 THIN FILM 46
 

3.1 Sample Characterization 46
 
3.2 Transport Measurement 47
 

3.2.1 Probe Design 48
 
3.2.2 Transport Results 53
 

3.3 X-ray Diffraction 58
 
3.4 Electron Microprobe Analysis 69
 
3.5 Rutherford backscattering spectrometry 73
 
3.6 Comparison of EMPA and RBS 78
 
3.7 Scanning Electron Microscopy 80
 
3.8 Characterization summary of co-evaporation YBCO thin film 82
 



iv 

TABLE OF CONTENTS (CONTINUED) 

page 

4. IMPLEMENTATION OF A "FOURTH SOURCE" TO DEPOSIT	 84
 
HYPERFINE PROBES
 

4.1 Problems Encountered in Preforming PAC in YBCO	 84
 
4.2 Design of a source for delivering 111In into films	 85
 

4.2.1 Procedure for Activity Transfer	 89
 
4.2.2 Depositing Hyperfine Probes into YBCO Thin Films	 91
 
4.2.3 Growth of Different Structures	 92
 

5. THE THEORY OF TIME DIFFERENTIAL PERTURBED	 94
 
ANGULAR CORRELATION
 

5.1 Introduction to Perturbed Angular Correlation	 94
 
5.2 PAC Compared to Other Spectroscopic Techniques	 95
 

5.3 Application of Ty-PAC theory to YBCO Thin Films	 96
 
5.4 The Electric Quadrupole Interaction	 103
 

5.5 Energy Calculation for Axial Symmetry (11.0)	 109
 

5.6 Energy Calculation for 71#0	 112
 

6. PAC SPECTRA OF YBCO THIN FILM AND INTERPRETATION 115
 

6.1 Experimental PAC Arrangement	 115
 
6.2 Experimental PAC Data Fitting	 117
 
6.3 Other PAC work on YBCO	 118
 
6.4 Room Temperature PAC Spectra for Orthorhombic YBCO Thin Films 125
 

6.4.1 Comparison to other YBCO work	 127
 
6.5 Orientation Dependence of Orthorhombic YBCO Thin Films 130
 
6.6 Temperature Dependence of Orthorhombic YBCO Thin Film 132
 
6.7 Room Temperature PAC Spectra for Tetragonal YBCO Thin Films 137
 
6.8 Dependence of Temperature on Pseudo-Tetragonal YBCO Thin Films 141
 
6.9 High Frequency site in Tetragonal Phase	 146
 
6.10 Conclusion	 150
 

BIBLIOGRAPHY	 153
 



V 

TABLE OF CONTENTS (CONTINUED) 

APPENDICES 160
 

A. THIN FILM CHECK LIST 162
 

B. CALCULATING CRITICAL CURRENTS FROM 163
 
MAGNETIZATION CURVES
 

C. INDIUM PROBE NUCLEAR INFORMATION 166
 

D. SHUTTER ASSEMBLY 167
 

E. QUARTZ RATE MONITOR THICKNESS EQUATION 169
 



vi 

LIST OF FIGURES
 

Figure	 Page 

1.1	 Crystal structure of YBa2Cu307_8 4
 

1.2	 A Plot of Tc dependence on oxygen content 7
 

2.1	 Schematic Diagram of High Tc Evaporator 14
 

2.2	 Schematic of High Tc Evaporator 17
 

2.3	 Drawing of the oxygen annulus used to introduce molecular 18
 
oxygen during deposition
 

2.4	 A phase diagram used to chart the growth and anneal path of 22
 
YBCO thin film superconductors
 

2.5	 Schematic drawing of the Pirani gauge used to calibrate the local 26
 
oxygen pressure
 

2.6	 Plot of filament voltage versus equilibrium pressure 27
 

2.7	 A schematic of chow the cold cathode gauge was implemented 29
 

2.8	 Two data set plots od substrate pressure and ion gauge pressure 30
 
versus mass flow setting
 

2.9	 Top and bottom view of the PBN heater 34
 

2.10	 A calibration of control thermocouple versus a thermocouple 35
 
bonded to a substrate
 

2.11 A plot of temperature versus time of the ramp up procedure 41
 
for the substrate heater
 

3.1 Schematic of the system used in transport measurements. 50
 



vii 

LIST OF FIGURES (CONTINUED) 

Figure	 Page 

3.2	 Drawing of Te probes used in transport measurements 50
 

3.3	 Shows a drawing of a patterned YBCO film 53
 

3.4	 Resistivity versus temperature measurement of a 54
 
YBa2Cu307_8 to determine Tc and p
 

3.5	 A temperature dependent zero field cooled (ZFC) AC 55
 
susceptibility measurement of a YBa2Cu307_8 thin film
 

3.6	 An R-T curve of a reduction I film 56
 

3.7	 Shows the J-V characteristics of a patterned YBa2Cu307-8 57
 
thin film at 77K
 

3.8	 A magnetization loop of a YBCO thin film patterned 58
 
into a 4mm disk at 77K
 

3.9	 A schematic of an x-ray diffractometer 59
 

3.10	 Diagrams the Laue condition where constructive interference 61
 
only occurs when 1k 1- ik' I equals to the reciprocal lattice vector
 

3.11	 Method used to mount thin film samples into the x-ray 63
 
diffractometer to insure that the crystal plane is parallel to the
 
sample holder
 

3.12	 XRD spectrum of YBa2Cu307_8 thin film on a MgO substrate 65
 

3.13	 Spectrum for YBa2Cu307_8 (Hall, 1995), where 8=0.2 powder 66
 

sample from 0 28 60°
 

3.14	 YBCO rocking curve spectrum of (003) peak 67
 



viii 

LIST OF FIGURES (CONTINUED) 

Figure	 page 

3.15	 XRD spectrum for the YBa2Cu306..25/SrTiO3 thin film shows 68
 
c-axis orientation
 

3.16	 The interaction between the electron beam and the sample 70
 
causes characteristic x-rays to be emitted
 

3.17	 Energy of the Ka, Ko, L,, Is, Ma, and Ma lines of the 71
 

elements as a function of atomic number
 

3.18	 Schematic of an RBS system 76
 

3.19	 RBS Channelling data for film, substrate, and random 77
 
orientation
 

3.20	 A comparison of results between EMPA and RBS 79
 

3.21	 Block schematic drawing of an electron optical column 81
 
of an SEM
 

3.22	 An SEM image of a 2000A YBCO thin film on SrTiO3 83
 
magnified 30,000 times
 

4.1	 Evaporator modified by adding a fourth source to deliver 111In 86
 

4.2	 The indium gun is a cannon-shaped tantalum boat which 87
 
heats a thin copper foil with 111In on its surface
 

4.3	 Diagram of the steps used in preparing the activity for 90
 
evaporation
 

5.1	 The decay schematic diagram of 1111n to 111Cd 97
 

5.2	 Angles used for the definition of the two 7radiation 98
 
directions P; and P;
 



ix 

LIST OF FIGURES (CONTINUED) 

Figure	 page 

5.3	 A diagram of how the 111In's quadrupole splitting occurs 101
 
under the influence of an efg
 

5.4	 A plot of PAC frequencies and eigenvalues as a function of 114
 

II (0 5_1) for 1=5/2
 

6.1	 Experimental PAC setup used to analyze YBCO thin film 116
 
samples
 

6.2	 (a)-(b) inin/Cd PAC spectra of YBa2Cu307.8 thin films 129
 

6.3	 A plot of calculated amplitude and measured amplitude 131
 
for for different orientations
 

6.4	 A temperature dependent plot of B from 10 to 773K 133
 

6.5	 A plot of v(2 versus temperature for a YBCO thin film 134
 
and YBCO powder (Fussel, 1993)
 

6.6	 The decomposition of YBCO(123) film at high temperature. 136
 

6.7	 Shows a spectra for two different orientations of a 138
 
tetragonal ("T") and orthorhombic ("0") film
 

6.8	 A diagram of how the oxygen chains would fill the 140
 
Cu-0 chains for different oxygen content
 

6.9	 A waterfall plot of the Fourier transformed spectra 142
 
for a pseudo-tetragonal film annealed in flowing in
 
50 °C intervals.
 

6.10	 Fraction of orthorhombic and tetragonal sites 144
 
as a function of temperature
 



x 

LIST OF FIGURES (CONTINUED) 

Figur e	 page 

6.11	 A tetragonal film annealed first in flowing oxygen 145
 
at 500 °C into the orthorhombic phase and then in
 
argon at 500 °C
 

6.12	 (a) Shows a p-T plot of a tetragonal film annealed in 147
 
the PAC furnace
 

6.13	 Tetragonal phase with new site under reduction II 148
 

A.1	 A copy of the film check list used in growing YBCO thin films 162
 

B.1	 Geometry of the superconducting loop and disk 164
 

B.2	 A hysteresis curve of YBCO film with thickness 1800A 165
 

C.1	 A list of the nuclear information for the 111In/Cd probe 166
 

D.1	 Schematic of the shutter assembly and the power supply 167
 



xi 

LIST OF TABLES 

Table	 Page 

1.1	 A list of rare earth superconductors that have the same 6
 
structure as YBCO
 

2.1	 Molar masses, densities, and Z-factors of the relevant elements 24
 

2.2	 Substrates used to grow YBCO thin films 37
 

2.3	 Materials used for the individual boats and the melting points 38
 
of the elements used
 

3.1	 A composition summary of two films analyzed by EMPA 73
 

6.1	 Summary of processing techniques used in 120
 
YBCO PAC work
 

6.2	 Summary of sites and relevant parameters of early 121
 
inin:YBCO PAC work
 

6.3	 Identification of different 111In PAC sites in 121
 
YBCO powdered material
 

6.4	 A summary of 111In PAC done on other compounds 122
 
that may contaminate YBCO
 



Microstructural Characterization
 
of YBa2Cu307-x Thin Films with
 

Time Differential Perturbed Angular Correlation
 

Chapter 1
 

Introduction
 

With the discovery of high temperature superconductors (Bednorz, 

1986), in particular YBa2Cu307_8 (YBCO), where 0.55_1, a frenzy of research 

followed to make the thin film form of this material. Anticipation of high 

critical current densities and the ability to incorporate lossless flow of current 

into very large scale integration (VLSI) circuits spurred the effort. Early 

attempts to produce YBCO thin films showed how little was known about 

growing them. Structural complexities and the fact that they were oxides 

required reactive evaporation processes. Very early films were grown "ex

situ". The films were deposited in a vacuum chamber at room temperature 

in an amorphous state. High temperature processing and oxidation in an 

exterior furnace induced crystallinity and the correct oxygen stoichiometry. 

Quality was generally poor and reproducibililty a problem 1. 

1 An ex-situ co-evaporation method developed by A. Mogro-Campero 
et. al. APL 52, 1185 (1988) used Y, BaF2, copper metal during the deposition. 
The subsequent processing in the furnace was done in wet oxygen to reduce 
the fluoride. This ex-situ method has produced quality YBCO films. 
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"In-situ" growth of YBCO films, where all processing is done in the vacuum 

chamber, proved to be the best method once questions as to what form of 

oxygen to use and which methods would be feasible had been addressed. 

Over the years, high quality in-situ YBCO films have been grown by many 

different techniques. 

Now, 8 years after the discovery of YBCO by M. K. Wu and C. W. Chu 

(Wu, 1987), devices made from YBCO thin films are being sold commercially. 

YBCO films have found their way into ultra sensitive magnetic field (SQUID) 

and infra-red (bolometer) sensors. These devices are now found in the 

medical industry as non-invasive biological imaging devices, and 

geophysicists are using them as sensitive surveying instruments. Microwave 

cellular phone filters made from YBCO thin films are being developed to 

replace copper because of their small size and lower power loss. 

1.1) The Y-Ba-Cu-O System 

Attempts to substitute other rare earth metals for lanthanum in the 

superconductor La2_BaxCua4 (x..-0.15) (LBCO) system spawned the 

superconducting compound YBa2Cu307_8. YBCO has a much higher 

transition temperature (Tc=92 K) than LBCO (Tc=31 K) and was the first 

superconductor found that had a T, above the boiling point of liquid nitrogen 

(77 K). It was at this point that researchers around the world searched for 
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similar compounds with goals of finding even higher transition 

temperatures. 

The crystal structure of YBCO determined by neutron and x-ray 

diffraction (Le Page, 1987) is shown in Figure 1.1. The structure can be best 

visualized in terms of layers. On either side of the Ba-O planes, Cu atoms 

occupy two sites. Oxygen atoms in the planes of Cu02 with square pyramidal 

arrangement sandwich the Y atom. The structure on the other side of the Ba-

O planes depends on the stoichiometry. Cu-0 atoms form linear chains when 

8=0 and the compound is superconducting with a T, =92K. The arrangement 

of the oxygen atom surrounding the Cu(1) atoms in the Cu-0 chains is planar 

fourfold. The YBa2Cu3O7 crystal lattice is orthorhombic with the lattice 

parameters a=3.82A, b=3.89A, and c=11.68A and the crystal symmetry is 

Pmmm /4. When 8=1, the chains are absent, and the structure is tetragonal 

with a=b=3.86 A and a longer c-axis, c=11.84 A, and a crystal symmetry of 

P4 /mmm (Jorgensen, 1990). 

As in the LBCO compound, YBCO goes through a structural phase 

transition that is compositionally displacive. Here, the change in oxygen 

content brings about the structural change. The transition occurs for bulk 

YBCO in the temperature range of 350 < T < 750 °C (Bourdillon, 1993). At the 

higher temperature range, the phase is tetragonal if 6 <0.5. The resistivity 

http:a=b=3.86
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measured as a function of temperature, after cooling in an inert environment 

is semiconductive. 

Cu 
[CuO] 

Ba0 
0 

[Cu02 15
Y 

Y C 

@B a 
[CUO 

2 
3'5

Bat) 

[Cu03 

(b) 

Figure 1.1 Crystal structure of YBa2Cu307_6, showing (a) planar charges on 
non-equivalent sites in the layered structure and (b) atomic packing. 
(Bourdillon, 1993) 

When cooled in either air or oxygen, there is an increase in oxygen content. 

The oxygen begins to fill the Cu-0 chains and a phase transition is induced 

from tetragonal to orthorhombic. The resistivity in this case is lower and 

behaves metallically in contrast to the tetragonal case. It is this uptake of 

oxygen in the Cu-0 chains that makes YBCO a superconductor. A plot of T, 

versus oxygen content is shown in Figure 1.2. When oxygen begins to fill the 

Cu-0 chains, the b-axis lengthens and the Cu02 planes buckle. This implies 

that electrons from the Cu02 plane are being transferred to the Cu-0 chain. 

This transfer of charge means that the current carriers in the material are 
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holes. Thus, with the Cu02 planes as the superconducting planes, YBa2Cu3O7 

is a p-type (holes are the current carriers) superconductor. 

It is interesting to note that YBCO is only one of many rare earth(RE) 

superconductors that superconducts above liquid nitrogen. Shown in Table 

1.1 is a list of other REBa2Cu307_5 along with their T, values. 

1.2) Film Growth Techniques 

The techniques used to deposit YBCO thin films can be divided into 

two categories: physical and chemical deposition. Physical deposition 

includes sputtering (Geerk, 1992), pulsed laser ablation deposition (PLD) 

(Venkatesan, 1988), molecular beam epitaxy (MBE) (Eckstein, 1994), and 

evaporation (Humpreys, 1990; Berberich, 1988). Chemical deposition includes 

chemical vapor deposition (CVD) (Oda, 1994) and its various forms. All of 

these techniques have been applied in depositing YBCO thin films and each 

has shown varying degrees of success. 

Some techniques produce better quality YBCO thin films than others. 

PLD and sputtering are the more energetic techniques in the physical 

deposition category. Epitaxial YBCO films with excellent characteristics have 

been produced by these methods. Drawbacks are that sample size rarely 

exceeds 1 cm x 1 cm and that the high substrate temperatures 
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Lanthanide Compounds 05_ 6 51 7', (K) 

NdBa2Cu307-8 95.3 

SmBa2Cu307-8 93.5 

EuBa2Cu307-3 94.9 

GdBa2Cu307-8 93.8 

DyBa2Cu307-8 92.7 

HoBa2Cu3O7-8 92.9 

ErBa2CU307-8 92.4 

TmBa2Cu307-8 92.5 

YbBa2Cu307-8 87.0 

LuBa2Cu307-8 89.5 

YBa2Cu307-8 92.7 

Table 1.1 A list of other rare earth superconductors that have the same 
structure as YBCO. 

100 

80 

60 

40 

20 

0 
6.0 6.2 6.4 6.6 6.8 7.0 

Oxygen content 

Figure 1.2 Tc dependence on oxygen content. 
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involved often cause surface roughness. On the chemical deposition side, 

metal organic chemical vapor deposition (MOCVD) in particular, can 

accommodate large growth areas. However, problems exist with film 

homogeneity and orientation control. 

The most complicated techniques are MBE and co-evaporation. These 

techniques are less energetic, thereby reducing film stress. MBE can grow 

smooth films layer by layer but this requires long growth times. Also, ozone 

or atomic oxygen is used which readily oxidizes most material in the UHV 

chamber so frequent replacement of parts is routine maintenance. Thermal 

and e-beam evaporation have faster growth rates (6-20 A/s) and can use a 

variety of oxygen species. Films from this method aren't as smooth as the 

ones grown in MBE. Still, high quality films have been grown by thermal co

evaporation (Berberich, 1988) and e-beam co-evaporation (Matijasevic, 1991). 

Both of these techniques as well as MBE, allow for film growth at lower 

substrate temperatures because epitaxy is achieved by surface diffusion. 

Drawbacks to MBE and co-evaporation are the complexities of the growth 

apparatus and the number of parameters that have to be monitored. With 

the aid of computers, the task of monitoring some of the parameters has 

made these deposition techniques more feasible. 

While there are many published works on growing rather high quality 

YBCO thin films by each of the techniques mentioned (Venketesan, 1988; 

Berberich, 1988; Eckstein, 1994; Eom, 1990), this is not the norm. It seems that 
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there are select groups that have optimized a particular technique and are 

well known in YBCO film growth community for this. Growing YBCO films 

is truly an art not only because of the complexities of the material itself but 

also because the nature of growth still is not fully understood. For some 

applications one technique may produce films with better characteristics than 

another. For example, PLD of YBCO makes very good SQUID devices 

whereas for microwave applications, co-evaporation produces better films 

(Clarke, 1995). 

Many characterization techniques are employed to ascertain the quality 

of films. These range from resistivity and magnetization (to determine Tc 

and critical current density Jc) to x-ray diffraction (to determine structure), and 

various spectroscopies (electron micro-probe analysis, Rutherford 

backscattering) to determine stoichiometry. More complex techniques like 

TEM reveal details about structure. 

1.3) Different Types of Thin Film Growth 

Two different types of thin film growth modes exist: layer-by-layer 

growth and island growth (Feldman, L. C., 1986). In layer-by-layer growth the 

deposited atoms and molecules, upon reaching the heated substrate, diffuse 

along the surface to the equilibrium lattice sites. This occurs until a mono-

layer (1015 atoms/cm2) of material is formed and then the process continues 
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until the desired thickness is achieved. In island growth, the material forms 

separate clusters, and as these islands grow into each other, a film forms. 

The parameter that primarily determines the mode of growth is the 

deposition rate. Usually a slower growth rate (on the order of sub-A/s) favors 

layer-by-layer growth. The layer-by-layer method produces extremely smooth 

films which is the crowning glory of MBE systems. Groups have tried layered 

growth by shuttering the substrate once a layer of material has been grown 

from a source and exposing the substrate to another source in multiple target 

sputtering (Ohttsuki, 1994). This cyclic deposition continues until the 

preferred thickness is reached. 

Faster growth rates (on the order of A / s) favor island growth. 

Typically, growth of YBCO in a co-evaporation system using quartz rate 

monitors is by island growth. Nevertheless, smooth films (40A roughness) 

can be grown by this method (Tom, 1993 ; Berberich, 1988). 

1.4) Understanding the Microstructure of YBCO Thin Film 

Understanding the micro-structure of YBCO thin films can reveal 

information about the electronic structure and the nature of superconductor 

thin film growth. Most characterization techniques such as X-ray diffraction 

(XRD), transmission electron microscopy (TEM), and transport measurements 

have been applied to analyzing thin film superconductors. From this, micro

structure information is inferred. 
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In spite of their popularity and acceptance, these forms of thin film 

characterization, aside from TEM, really do not measure microstructure 

properties directly. XRD measures constructive interference, obeying the 

Bragg law, and crystal symmetry along with orientation can be established. 

However, this information is averaged over many unit cells. TEM, although 

it gives microstructure information, cannot give dynamic information such 

as temperature and pressure dependence. Transport measurements such as 

resistivity versus temperature only measure the path of least resistance, not 

the bulk properties of the thin film. 

There are techniques that do give information about the micro

structure of a material. They are mostly hyperfine techniques, including 

Mossbauer effect (ME), nuclear magnetic resonance (NMR), nuclear 

quadrupole resonance (NQR), muon spin rotation (1.LSR), and perturbed 

angular correlation (PAC) that measure the local structural environment. 

However, not all of them can be applied to study thin films. In fact, they all 

have some drawbacks. NMR and NQR cannot be used to study thin films 

because the material volume is too small to get a strong enough signal. ME 

requires the sample to be cooled to low temperatures to prevent the effects of 

phonons from dominating the ME signal. PAC requires introducing 

radioactive probes (in minute amounts) into a sample. Still, these techniques 

have been used to study YBCO powder samples and most of the information 

about probe location from ME, NQR, and NMR (but not PAC) is well 
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established (Warren, 1987; Worthman, 1989). However there is little work 

reported on thin films; in particular, local structure information about YBCO 

thin films is scarce. 

In spite of the progress in making devices out of YBCO films, 

outstanding issues need to be addressed in order to better understand the 

material. Some of these include the essential differences between film and 

bulk, nature of oxygen motion, the essence of film growth, and the effects of 

cation disorder on the materials properties. A local probe such as the ones 

used in perturbed angular correlation may be able to a give insight into some 

of these issues. 

In this thesis, PAC spectroscopy is used to study YBCO thin films. Since 

YBCO was discovered, many groups have applied the PAC technique to this 

material, mostly in powder form (Plank, 1988; Bartos, 1990; Schwenker, 1990; 

Uhrmarcher, 1990; Fussel, 1993;). The literature is inconsistent. Questions 

arose as to where the probe resides within the lattice and if the signal was 

from the YBCO structure or an impurity phase. There has been one study on 

thin film (Plank, 1988), and some single crystal (Uhrmarcher, 1990) PAC work, 

but their processing methods were problematic making interpretation of the 

data contradictory to the best information available from powders. 

We have been able to produce high quality YBCO thin film 

superconductors by the co-evaporation method. Suitable in introducing 

radioactive probes into the YBCO system in order to preform perturbed 



12 

angular correlation is the co-evaporation system. The deposition rates are 

quick enough to minimize the time of activity exposure. There are no 

plasmas to worry about such as in sputtering and the contamination can be 

minimized with the proper design constraints taken into consideration. In 

order to perform PAC spectroscopy on thin films, a novel way of introducing 

hyperfine probe into the film has been developed. From the PAC data, we 

have one single identifiable site and since the films are c-axis oriented, electric 

field gradient directions have been established. Also, studies of different 

aspects of the growth along with dynamic structural changes due to 

temperature have been investigated. We have established the PAC signature 

of tetragonal(8>_0.75) and orthorhombic (8=0) YBa2Cu307_8 and in doing so 

observed the phase transition between them. Dynamic phase transitions 

from the pseudo-tetragonal to the orthorhombic structure have been 

observed by the PAC technique to occur somewhere between 200-250 °C. 

Differences between bulk and film YBCO have also been found in the 

orthorhombic case. At high temperatures in flowing oxygen, there appears to 

be a lack of a phase transition into the tetragonal structure as seen in the 

powder case. Rather than going into the tetragonal case, the film decomposes 

into the impurity Y2Cu2O5 in flowing oxygen. 

http:tetragonal(8>_0.75
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Chapter 2
 
Film Growth
 

2.1) Description of High Tc Evaporator 

The custom box evaporation system was built by Shrader Scientific Inc. 

The system consists of a 16"x16"x20" stainless steel box chamber bolted to a 

frame of 2" welded tube steel bars. The chamber is electropolished for low 

outgassing rates. Access to the inside of the chamber is through a full 

opening, viton-sealed door at the front of the chamber. The door is secured 

by a draw latch. Figure 2.1 is a drawing of the system. 

Eight 0.5" high-current feedthroughs are available through the center 

of the bottom of the chamber. The conflat flange of these feedthroughs is 

water cooled to prevent overheating. View ports on the door allow one to 

observe the operation of most the equipment inside of the evaporation 

chamber. 

The pumping of the chamber is provided in two stages. The roughing 

is done by a Leybold D3OAC mechanical rotary vane pump. The pumping 

speed of this rough pump is 760 1/s at the opening of the intake. The chamber 

can be roughed out to a crossover pressure of 52 millitorr. The high vacuum 
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Figure 2.1 Schematic diagram of high Tc evaporator. The vacuum is 
provided by a mechanical rotary vane pump (roughing) and a cryopump 
(high vacuum). Evaporation boats are powered by three 220-5 VAC step down
transformers individually controlled by triac power controllers. Sycon STC
200 deposition rate monitors modulate the power going into the power
controllers. 
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is provided by an APD-8S Cryopump (pumping speed 5001 /s). An 8" stainless 

steel electropneumatic gate valve separates the chamber from the cryopump. 

The ultimate base pressure in the chamber was originally 10-8 torr but due to 

contamination of the walls, is now about 10-7 torr in about 5-6 hours of 

pumping time, without baking. 

2.2) Inside the Evaporation Chamber/System 

The chamber supplied by Shrader Scientific, Inc. was bare inside except 

for the high current electrical feedthroughs. The chamber had to be modified 

to achieve optimum growing conditions for high T, films. These conditions 

are: uniform evaporant flux from three to four sources, steady control of 

these fluxes via a feedback system, uniform distribution of oxygen gas at the 

substrate, ability to heat a substrate uniformly and controllably up to 

temperatures of 650-800°C, and use of materials that do not oxidize in the 

evaporation process. 

A schematic of the chamber inside is shown in Figure (2.2). The system 

consists of three metal boats resistively heated by current provided by three 

transformers. The step down transformers (220VAC-5VAC) supply up to 

190A of AC current to the boats. To prevent the cryopump experiencing a 

sudden heat load from the evaporation boats, a 1-mm-thick stainless steel 

shield was placed at the inlet of the pump, effectively eliminating thermal 

overload. 
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The power to the evaporation boats is controlled by triac power 

controllers and is modulated by a PID feedback system in a Sycon STC200 

deposition rate monitor. The rate monitors are fed information via three 

independent quartz crystals monitors which detect the mass of evaporant 

being deposited. This mass is translated into a frequency and is compared and 

adjusted to the preset evaporation rate on the deposition rate monitor. The 

Sycon deposition rate monitors measure at 4 Hz allowing a resolution of 0.1 

A/s. Flux stability of ±0.3 A/s is easily realized when all parameters are set 

correctly (see Appendix A). 

Using quartz rate monitors with multiple evaporation sources creates a 

feedback problem. Flux from other sources often affects the rate monitor of 

interest. In this system, crosstalk between quartz crystal monitors is 

prevented by placing blinds around them. The blinds are made from 1-mm 

thick stainless steel sheets with dimensions of 2.5"x4". These sheets are bent 

about the middle of the 2.5" section to an angle of 90° and surround the 

crystal monitor such that the rate monitor can detect flux only from a boat 

directly below. 
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Cu 

Figure 2.2 Schematic of high T, evaporator. Yttrium, barium, and copper are 
resistively heated with evaporation boats. The flux from the evaporants are 
controlled with quartz rate monitors and a shutter governs the beginning and 
end of the deposition process. The substrate is heated with a PBN heater and 
oxygen is provided through an oxygen annulus. 

The molecular oxygen (medical grade) is provided by a Unit UFC

1100A mass flow controller, which has a maximum flow rate of 50 scan. We 

typically use 25% (12.5 sccm) of the maximum flow. The oxygen is then 

delivered into a circular, stainless steel annulus which has multiple holes on 
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the inside angled 45° towards the substrate (see Figure 2.3). This provides 

ample local uniform oxygen pressure at the substrate to grow good quality 

films. 

Sample Holder 

Thermocouple 

1/8" Stainless 
Steel tubing 

Figure 2.3 A drawing of the oxygen annulus used to introduce molecular 
oxygen during deposition. The annulus has 1/32" holes drilled at a 45° angle 
towards the substrate thereby enhancing the local oxygen pressure near the 
substrate surface. A sample holder with a K-type thermocouple attached to its 
side sits upon the annulus. 

One can calculate the number of oxygen atoms per second needed to 

form YBa2Cu3O6 (which is the form upon deposition). The unit cell of YBCO 

is 3.9x3.9x12.0 A3 (tetragonal structure), so for a film area of lx1 cm2, and a 

growth rate of 8 A/s, the number of oxygen atoms per second needed is 
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(area) x (growth rate) 0 atoms
number rate x 6 (0 atoms) = 2.6 x1015 (2.1)(unit cell volume) s 

The mass flow controller delivers 12.5 sccm of 02 into the oxygen annulus, 

which translates to 

12.5 1( 1 min 0 atoms 0 atoms
(6.023x1023 5.6x1018 (2.2)60 s mol22.4x103-amcd 

This is about three orders of magnitude larger than required which allows a 

0.1% efficiency of incorporation. This is probably necessary since molecular 

oxygen must dissociate to atomic oxygen to be incorporated, and an inefficient 

thermal mechanism is the only one available 

The substrate is heated by a Union Carbide pyrolytic graphite heater, 

which can be operated in an oxidizing environment and reaches the desired 

temperatures of 650-800°C reliably and efficiently. The temperature of the 

substrate is measured with a K-type thermocouple connected to a PID 

computer-controlled Eurotherm 808 digital temperature controller which 

regulates the power controller/variac system supplying the heater power. 

The heater consumes between 150-200 watts of power depending on the 

temperature set point. Since the 3"-heater is larger than 1-cm substrate, 

uniform heating over the substrate is achieved. This was verified by pasting 

two thermocouples onto the face of the substrate at different locations and 
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measuring the difference in temperatures. No difference was detected to an 

accuracy of ±1 °C. 

The materials used in construction of the evaporator were either 

stainless steel (qi= 57.0x10-7 W /m2) or aluminum (qi= 84x10-7 W /m2). They 

both have very low outgassing rates (qi) which protects the integrity of the 

vacuum. An electromechanical shutter system was constructed in order to 

control the duration of the film deposition and also to allow for stabilization 

of the evaporation rates before beginning a deposition. A schematic of the 

shutter is shown in Appendix D. The advantage of an electromechanical 

shutter over a mechanical shutter is better vacuum integrity because electrical 

feedthroughs replace mechanical feedthroughs. 

2.3) Calibration of different evaporation parameters 

When depositing YBCO thin films, a phase diagram of substrate 

pressure versus substrate temperature is often used to find the optimum 

growth parameters. These phase diagrams, originally created by varying the 

temperature and oxygen pressure in equilibrium using powder YBCO and 

analyzing the stoichiometry, have proven useful in film growth. Groups that 

grow YBCO thin films have adopted these phase diagrams and some have 

even charted their own (Matijasevic, 1991). 
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Before an in-situ deposition of YBCO thin films takes place, certain 

parameters have to be considered. A crucial consideration is the form of the 

oxygen-atomic (0), molecular (02), and ozone (03). Ozone is usually used in 

systems like in-situ molecular beam epitaxial systems (MBE) and e-beam 

evaporators because of vacuum and filament integrity requirements. Ozone 

is highly oxidizing at low pressures which is ideal for the ultra high vacuum 

pumps of an MBE system. Molecular oxygen requires higher pressure to 

oxidize YBCO and is 1:- in sputtering, laser ablation, thermal evaporation, 

and, in some special cases, e-beam evaporator systems, when the vacuum 

systems are suited to higher gas loads. 

In our in-situ thermal co-evaporation system, we use molecular 

oxygen. The P-T phase diagram developed by V. Matijasevic et.al. 

(Matijasevic, 1991) in Figure 2.4 was used as a starting point for substrate 

temperature and pressure. For molecular oxygen, there is a phase space 

ranging from 540-800°C for temperature and 1-10 millitorr for 02 pressure 

where growth of the YBCO structure is optimal. We adopted 650°C for 

substrate temperature and 1 millitorr for substrate pressure as a starting point. 

The calibration of deposition parameters will be based and optimized around 

these numbers (see Chapter 3). 
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Figure 2.4 A phase diagram used to chart the growth and anneal path of YBCO 
thin film superconductors. Since we are using molecular oxygen, a phase
point of 650 °C and 1 mtorr is used in grown these films. The film is
supposedly deposited in the tetragonal phase and annealed into the 
orthorhombic. (Matijasevic, 1991) 

2.3.1) Quartz Rate Monitor 

The sensors used in determining the evaporation rates are quartz rate 

monitors. Each consists of a quartz crystal that oscillates at 6 MHz when a 

potential is applied. When evaporation commences, metal deposits onto the 

quartz crystal and its frequency changes, from which the Sycon deposition rate 

monitor computes a thickness (Appendix E) 
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T Na pa f fa
 

npZf 
arctan [Z tan(it ) (2.3)


fq 

The quartz crystal monitors are arranged symmetrically about the three 

sources. Inevitable deviations from symmetry can be corrected during 

calibration (for example, if sources are moved closer together to achieve a 

larger area of homogenous deposition, a new calibration has to be done.). 

If, in addition, the density and tooling parameter on the deposition 

monitor is set to the same value for each source, for small changes in 

frequencies, we can approximate tan0 ---; 0. So equation (2.3) becomes: 

N p ff
T - q q q (2.4) 

Pf Aq 

The change in frequency is caused by a change in mass of the load on the 

crystal. Therefore, equation (2.4) for T merely converts the measured 

frequency change to a mass change using the factory-preset parameters for the 

crystal, and the user set density. Since the area is the same for all the crystals, 

equation (2.4) is essentially: 

MassT (2.5)
Density x Area 

For the purpose of calculating stoichiometry from three separate sources, one 

need only consider the relative masses being deposited. If we want a 
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compound AxByCz with NA, NB, and Nic moles respectively, then the ratio of 

the masses deposited should be: 

N AMA :N B MB :N = XIVIA :yMB :zMc, (2.6) 

where Mi is the molar mass of species i. Table 2.1 shows the molar masses, 

densities, and z-factor for yttrium, barium, and copper. Since the rate 

monitor displays the mass multiplied by some parameter, and each monitor 

has the same parameter, the relative masses are displayed directly. Thus, the 

relationship between preset rates is given by the following: 

RA :RB :RC::XM A :YMB :ZIMC (2.7) 

Element Molar Mass Density (g/cm3) Z-factor 

Yttrium 88.91 4.46 0.835 

Barium 137.34 3.5 2.1 

Copper 63.55 8.96 0.437 

Table 2.1 Molar masses, densities, and Z-factors of the relevant elements. 

For x=1, y=2, and z=3: 

RA:RB:Rc:: 1 : 3.09 : 2.14 (2.8) 

So, if we set the yttrium monitor to 4.2 A/s, the corresponding rates for 

barium and copper would be 13.0 A/s and 9.0 A/s respectively to theoretically 
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get a stoichiometry of Y1Ba2Cu3. This should yield the desired stoichiometry 

if sticking coefficients are unity for these elements. In practice, sticking 

coefficients are not unity and depend on substrate temperature and 

deposition time. The actual rates are used here are in Appendix A. 

2.3.2) Measuring 02 partial pressure 

Measuring the local oxygen pressure proved to be most challenging. 

Difficulties arose because one measures a local pressure while the system is 

differentially pumped. Also, the desired pressure region on the phase 

diagram was usually in a pressure range where either a calibrated 

thermocouple gauge was inaccurate, or that was too high for a high vacuum 

gauge to be sensitive enough. The solution to this problem was provided in 

two steps. Step one was to use a homemade Pirani gauge calibrated in a static 

case with a known pressure gauge while changing the pressure in a systematic 

fashion. Step two was to put the Pirani gauge in a dynamic flowing gas 

environment and measure the voltage at different mass flow settings and 

then compare the results with the static data. 

A schematic of the Pirani set up is illustrated in Figure 2.5. The gauge 

is essentially a tungsten filament light bulb with the glass removed. The 

Pirani gauge sensor is used in all thermocouple gauges. The principle behind 

its operation is the following. A filament is heated by passing a constant 

current through it. The greater the gas pressure around the filament, the 
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more the heat that can be transferred to the gas. This in turn changes the 4

terminal resistance of the filament. 

V 
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Figure 2.5 A schematic drawing of the Pirani gauge used to calibrate the local 
oxygen pressure. The tungsten filament is placed on top of the annulus and 
is wired in series with two precision 10 S2 resistors. The supply current is 50 
mA and a voltage drop is measured across the filament. 

In the static situation, the evaporator is pumped down to its base 

pressure and the gate valve is closed, leaving the chamber isolated from any 

vacuum pumps. The ion and convectron gauges measure the pressure of the 

system while the voltage across the Pirani gauge is recorded at a particular 

equilibrium pressure. The pressure is varied by opening and closing the mass 

flow controller and allowing time for the system to equilibrate before taking a 
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voltage measurement. For the higher pressures where the ion gauge isn't 

sensitive, we use the convectron gauge that measures the roughing vacuum. 

This gauge is sensitive from 1 millitorr to an atmosphere. Voltages across the 

filament were measured for equilibrium pressures from 10-3 torr to 0.6 torr as 

shown in Figure 2.6. 
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Figure 2.6 Plot of filament voltage versus equilibrium pressure. A dynamic
voltage point is measured and the value is then compared to the data 
generated in the static case. For a mass flow setting of 12.5 sccm, a voltage of 
236.5 mV was measured which translates to a local 02 pressure of about 1 
mtorr. 
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Once the Pirani gauge was calibrated, a measurement in flowing 

oxygen was performed. The chamber was pumped down to its base pressure 

and the mass flow controller was set at different percentages of its maximum 

flow rate. The voltages for the corresponding flow rates were recorded. The 

voltages in the dynamic case were then compared to the equilibrium values 

to obtain the pressures. For a flow rate of 12.5 sccm (25%), a voltage of 236.5 

mV was measured at the filament. This translated into a pressure of about 1 

millitorr which is where we wanted to be on the substrate partial pressure 

versus substrate temperature phase diagram. 

2.3.3) 02 partial pressure measured by a cold cathode gauge 

As a comparison to the values measured by the Pirani gauge, a cold 

cathode gauge (Leybold Inficon) was modified and used within the vacuum 

system. The advantage of using a cold cathode in this fashion is that the 

gauge has a range of sensitivity that overlaps the crossover range of an ion 

gauge and a thermocouple gauge. Plastics and other items that could outgas 

in a vacuum system were removed. To accommodate the kV voltages 

required, a special high voltage cable was made. Teflon-insulated wires were 

used inside the chamber, and a high voltage electrical vacuum feedthrough 

was used to make the necessary electrical service. The ground wire for the 

gauge had to be carefully floated to avoid the electrical disaster that would 
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result from having a common ground between the evaporator and the cold 

cathode gauge. A sketch of the cold cathode gauge set up is shown in Figure 

2.7. 
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Figure 2.7 A schematic of how the cold cathode gauge was implemented. 

The cold cathode partial pressure calibration was done in the dynamic 

case where the system was differentially pumped by the cryopump. The cold 

cathode already had a calibrated gauge that could give a reading in the desired 

pressure region. Shown in Figure 2.8 is the data taken by the cold cathode 

gauge and as a comparison the data of the background pressure was taken by 

the ion gauge. Two different measurement runs were made for different 

settings on the mass flow controller. The two runs were highly reproducible 

and the value of 12.5 sccm translates into a local partial pressure of about 1 

millitorr. This is in good agreement with the calibration done with the Pirani 

gauge. 
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Figure 2.8 Two data set plots of substrate pressure and ion gauge pressure 
versus mass flow setting. In both runs, the data was, highly reproducible. For 
a setting of 12.5 sccm, a pressure of 1 mtorr is measured. The base pressure of 
the system is 2 x10-7. 

2.3.4) Heater Substrate Measurement and Calibration 

Precise temperature control is essential to grow high quality epitaxial 

YBCO thin films. Heating a substrate provides surface mobility for atoms to 

migrate and, depending on the technique used in deposition, substrate 

temperatures range from 600-800°C. The higher temperature ranges of 720

800°C are used in more energetic systems like laser ablation and sputtering. 
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Co-thermal evaporation can utilize a lower substrate temperature of 650

680°C. Large variation in temperature affects sticking coefficients of the 

metals being deposited which in turn affects film composition (Maissel, 1970). 

Also, substrate temperature determines epitaxy, but as a drawback, surface 

roughness increases with increasing temperature (Westwood, 1994). Thus, 

one has to find a compromise between epitaxy and surface morphology. 

One of the most difficult aspects of epitaxial thin film growth is heating 

the substrate and accurately measuring the temperature. This is particularly 

true of high T, thin films where the substrate temperatures (650-800°C) are 

especially high. Technical difficulties arise because the in-situ deposition has 

to be done in an oxidizing environment and the small size of the substrates 

used. The ideal heater must heat the substrate uniformly, resist oxidation, 

and be able to reach temperatures of 650 to 800 celsius. Heaters vary from 

wire wound resistive types to radiative halogen bulb types. Usually, stainless 

steel, Haynes alloy, boron nitride, and kanthal wire are the materials of choice 

in making resistive heaters, since they can operate at high temperatures 

without degradation in an oxidizing environment. Some groups directly 

heat the substrate through radiation coupling with a source (Humpreys, 1990). 

This proves to be problematic because the oxide substrates used are usually 

translucent and the absorption spectrum for a given temperature is only a 

small percentage of the total radiation power. To make matters worse, during 

deposition the substrate darkens from the film being deposited and the 
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absorption of radiation changes. This in turn changes the substrate 

temperature drastically during film growth, sometimes as much as 90 °C. 

Measurement or calibration of the substrate temperature during film 

growth can be done by different methods. Optical pyrometry is accurate, but 

the pyrometer has to be placed in direct line of sight of the substrate which is 

more often than not an inconvenience. Thermocouples are frequently used, 

but attaching a thermocouple along a side of a 0.5 mm single crystal substrate 

is difficult while still ensuring good thermal contact to a platen. A popular 

method for attaching thermocouple is to use silver paste to bond the 

thermocouple to the substrate, but this reduces the deposition area. Another 

method is to carefully drill a hole into the side of a substrate, insert a 

thermocouple into the hole, and fill the hole with boric oxide glass 

(Humpreys, 1990). This method is extremely tedious. Most groups opt for the 

calibration method, whereby the substrate is attached to a metal platen and 

thermocouples are attached to the platen and to the substrate surface either 

mechanically or with silver paste. The substrate surface temperature is 

related to the platen temperature and the platen temperature is then 

controlled. Use of silver paste to attach substrates often results in such a 

strong bond that the substrate breaks upon removal. 

Depending on the material used as the platen, there is usually a 

temperature gradient between the substrate and the platen. Calibration is 

done by using a dummy substrate with another thermocouple pasted to its 
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surface and then attaching the substrate to the platen. Once a substrate 

temperature versus platen temperature relationship is established, one can 

control the substrate temperature through controlling the platen 

temperature. 

In our system, we used a graphite heater developed by Union carbide. 

The heating element is a thin film of graphite which is encased in pyrolitic 

boron nitride (PBN). Special electrical feedthroughs were constructed and 

also covered with pyrolitic boron nitride to prevent oxidation of the graphite 

contacts. This heater is ideal for use in the high Tc evaporator because it can 

operate in an oxidizing environment, operate up to a maximum temperature 

range of 800°C, and has thermal characteristics that can be easily controlled by 

a temperature controller. Figure 2.9 shows a drawing of the PBN heater and 

some of its physical characteristics. 
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Figure 2.9 Top and bottom view of the PBN heater. The hot zone of the 
heater is confined within a 2.3" diameter. Also included is a plot showing
how quickly this heater cools when turned off from 720 °C. 

The heater is placed upon the sample holder which sits on top of the 

oxygen annulus. The stainless steel sample holder has a small hole drilled 

into its side so that a K-type thermocouple can be silver pasted into it. The 

thermocouple is the sensor for the Eurotherm temperature controller which 

in turn controls a power controller for the heater. The temperature stability 

for this setup is better than ±1 °C. Figure 2.10 shows the calibration data run 

between the control thermocouple and a thermocouple bonded to the surface 

of a dummy substrate. The substrate temperature is consistently about 10 °C 

cooler than the platen in the range of 140-700 °C. 
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Figure 2.10 A calibration plot of control thermocouple versus a 
thermocouple bonded to a substrates surface. From the plot, there exists very
little difference between the two measurements. 

2.4) Growing an Epitaxial YBa2Cu307.8 Thin Film 

2.4.1) Substrate Material and Cleaning Procedure 

By far the most important factor in growing high quality epitaxial thin 

films is the choice of single crystal substrate. Ideal single crystal substrates 

should have a flat surface, small lattice mismatch between film and substrate, 

and chemical compatibility (because of high processing temperatures) with 
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the film. In some device applications, a low dielectric constant is highly 

desirable. This is especially true in microwave applications, high frequency 

applications, and in interconnects. 

Typically, the growth of high quality epitaxial YBCO films has been on 

oxide substrates with the perovskite crystal structure. Some of the more 

popular substrates used are MgO, SrTiO3, LaA1O3, and NdGaO3. Table (2.2) 

gives the lattice mismatches between YBCO and the substrate, typical 

orientations used, and other relevant physical properties. With the 

continuing interest of incorporating YBCO into semiconducting technology, 

semiconductor substrates have also been explored. Groups have grown high 

quality YBa2Cu307.8 thin films on silicon, GaAs, and sapphire substrates with 

a great deal of success. (Berberich, 1988). Growth on these substrates usually 

requires a buffer layer such as CeO2, MgO, or yttrium stabilized zirconia (YSZ) 

because of chemical incompatibilities. 
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Substrate Eta /a Ab/b Ac/c c Melting Point Orientation 
(%) (%) (%) (K) 

MgO +9.0 +6.7 +7.4 9.65 3100 (100) 

SrTiO3 +2.0 +0.7 +0.1 >1000 2353 (100),(110) 

LaA1O3 -0.9 -2.2 -3.0 23 2023 (100) 

NdGaO3 +0.3 +0.3 -1.3 20 1873 (100) 

Table 2.2 Substrates used to grow YBCO thin films. MgO and SrTiO3 are used 
mostly in this lab with SrTiO3 having a smaller lattice mismatch. On 
occasion, LaA1O3 and NdGaO3 have also been used. (The dielectric constant is 
an important parameter in microwave devices) 

In these experiments, optically polished MgO, SrTiO3, and LaA1O3 

(occasionally) have been used to grow YBa2Cu307..8 thin films. MgO has the 

advantage of being cheaper than SrTiO3 but has a larger lattice mismatch. 

Both substrates can produce very high quality YBCO thin films. 

Cleaning of the substrate follows this procedure: a substrate is placed in 

ultrasonic baths of first acetone, then methanol, and finally ethyl alcohol for 

about 10 minutes each. The substrate is then patted dry with lens paper and 

transferred into the evaporator. 

2.4.2) Preparation of the Evaporator for Deposition 

Before the evaporation boats are placed into their feedthrough clamps, 

they are inspected for micro-cracks and other damage that might adversely 
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affect uniform current flow through the boat. For the yttrium metal source, 

tungsten metal boats were used. Tantalum boats were used for the barium 

metal source and molybdenum boats for the copper metal source. Below, in 

Table 2.3, is a summary of boats used in depositing thin film YBCO. (Mathis, 

1987) 

Metals Melting Point @ 10-4 torr Boat Material R.D. Mathis # 

Yttrium 1157°C Tungsten S9A-.005W 

Barium 735°C Tantalum S39-.005TA 

S2B-.010TA 

Copper 1017°C Molybdenum S2B-.010M0 

Table 2.3 Materials used for the individual boats and the melting points of the 
elements used. Yttrium has the highest melting point of the three metals and 
can be rather difficult to evaporate because of this (not in our case). Use of a 
tungsten boat enabled steady evaporation of yttrium. 

The boats are clamped down by oxygen free high conductivity (OFHC) copper 

clamps and then outgassed in a vacuum. Once the boats have cooled in 

vacuum, the chamber is vented to atmosphere with dry N2 gas. 

The quartz rate monitor crystals are also checked to assure that their 

operating lifetime is greater than 79%. If not, they are changed to prevent 

inevitable failure during an otherwise perfect run. Usually, the barium 

quartz rate monitor crystal is cleaned with cotton swab soaked in de-ionized 
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water before each deposition so the barium's quartz crystal usually outlasts the 

others. 

The shutter operation is also checked before pumping the system 

down. Making sure the shutter opens and closes on command during 

deposition is essential. 

Once all these preparations and checks have been done, the constituent 

metals are place in their respective boats. All metals used in evaporation are 

of the highest purity available from the vendor. Barium has the disadvantage 

of being very reactive so it is shipped in mineral oil. Oil is a problem for any 

vacuum system so one has to make sure to blot as much of the oil off of the 

barium metal as possible before placing it into the vacuum chamber. 

Otherwise, vacuum integrity will be compromised and one waits a long time 

for the chamber to be pumped down. The substrate is placed in the sample 

holder and the PBN heater is placed upon the sample holder. The final check 

is to make sure the temperature controller is reading the thermocouple 

properly. 

The chamber is closed and roughing of the system begins. The chamber 

is roughed down to a crossover pressure of about 52 mtorr where the 

roughing valve is closed and the gate valve is opened, letting the high 

vacuum cryopump take over. The mechanical line can then be turned off 

and vented to atmosphere. 
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2.4.3) Deposition of a YBCO Thin Film 

Once the base vacuum has been achieved (.10-7 torr), the deposition 

procedure is initiated. This is done by the following steps: ramping of the 

heater to the deposition temperature, opening the mass flow controller to 

establish proper local substrate 02 pressure, program initialization for 

ramping the deposition boats and controlling the individual fluxes with the 

Sycon deposition rate monitors, opening and closing the shutter to begin and 

end deposition, and anneal in a partial pressure of oxygen to further 

oxygenate the film. The last step of annealing can be omitted to grow 

tetragonal films. This will be discussed later in this section. 

The heater is controlled by a Eurotherm temperature controller which 

is interfaced to a PC-compatible computer. The program sequence for 

ramping the heater up is 

1) Ramp heater 20°C/min from room temperature to 400°C . 20 min. 

2) Soak at 400°C for 10 minutes 

3) Ramp heater 20°C/min from 400°C to 600°C . 10 min. 

4) Soak at 600°C for 10 minutes 

5) Ramp heater 20°C/min from 600°C to 720°C . 6 min. 

6) Soak at 720°C for 15 minutes 

7) Ramp heater 20°C/min down to 650°C . 3.5 min 

8) Remain at 650°C until ready for deposition 

as shown in Figure 2.11. 
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Figure 2.11 A plot of temperature versus time of the ramp up procedure for
the substrate heater. 

The substrate is overheated to 720°C to clean off any material on the surface 

and this also serves to outgas the heater and the oxygen annulus. 

Furthermore, heating the oxygen annulus helps create a favorable growth 

environment for YBCO thin films [Berberich, 1988]. 

Once the desired substrate temperature has been reached, the mass flow 

controller is set to 25% of 50 sccm (12.5 sccm) and the control flow valve is 

opened. This gives a local pressure at the substrate of about 1 millitorr from 

the calibration done before, and the ion gauge that reads the background 

pressure goes from its base pressure to about 1.5 x 10-4 torr. The chamber is 
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allowed some time to come to equilibrium after opening the control valve. 

Usually, 3 minutes is sufficient. 

The ramping up of the evaporation boats is controlled by the Sycon 

deposition rate monitors (see Appendix A). These monitors have 

programmable deposition parameters that have each been optimized for 

maximum deposition stability . The evaporation flux of each source has been 

optimized to have a stability of 0.3A/s deviation from the deposition rate set 

point. Once each deposition source has been stabilized to the set rate, the 

shutter is opened to begin the growth of an YBCO thin film. The deposition 

rate is 8A/s. This was calibrated by growing a film for a set amount of time 

and measuring the thickness of the film on an alpha step profilometer. The 

thickness was then divided by the growth time to yield a deposition rate of 

500A/min or about 8 A/s. So, after about 4 minutes of deposition, the shutter 

is closed, the current to the evaporation boats are turned off through the rate 

monitors, and a film of about 2000A is grown. 

The annealing process can be done in different ways to get either an 

orthorhombic or a tetragonal film structure. For the orthorhombic case, the 

chamber is allowed a few minutes to come to steady state and then the gate 

valve is closed to begin the anneal process. Annealing the film serves two 

purposes. First, it helps the film adhere to the substrate and makes it more 

resistant to scratching. Secondly, and in this case most importantly, it 

oxygenates the film into its orthorhombic phase, making it a superconductor. 
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The evaporation chamber is backfilled with 02 by allowing the mass flow 

controller to remain open with the gate valve closed. The chamber pressure 

is then increased to 15 torr, all the while holding the substrate temperature at 

650°C. Once the chamber pressure of 15 torr is reached, the mass flow valve is 

closed and the chamber is again allowed a few minutes to come to 

equilibrium. The heater can now be ramped down to the proper anneal 

temperatures. Anneal paths can be envisioned on the deposition phase 

diagram (see Figure 2.4). It is important to note that many anneal paths can be 

taken to induce a phase transition to the orthorhombic case but these routes 

may not be reversible (Matijasevic, 1991). In our case, once the chamber 

pressure of 15 torr is reached, the temperature controller is programmed to 

ramp down to 450 °C with a rate of 10 °C /min and held there for 30 minutes. 

The sequence is as follows. 

1) Ramp heater 10°C/min from 650°C to 450°C . 10 min. 

2) Remain at 450°C for 30 minutes 

3) Ramp heater 10°C/min from 450°C to room temperature 

After the sample has cooled down to room temperature, the evaporator is 

vented with dry N2 gas to atmosphere and the thin film sample can be taken 

out. 
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Tetragonal films are grown by suppressing the oxygenation process. 

The first tetragonal film was made by quenching without an anneal. This 

yielded a film that was semiconducting. Subsequent tetragonal films were 

annealed in vacuum to further reduce the oxygen. Different methods each 

yielded different result as determined by perturbed angular correlation 

spectroscopy (PAC). There is further discussion in Chapter 6. 

Partially deoxygenated films were produced in vacuum using the 

following annealing procedure (reduction-I): 

1) Turn off current to evaporation boats 

2) Turn off 02 by switching off mass flow controller 

3) Ramp heater 10°C/min from 650°C to 450°C = 10 min. 

4) Remain at 450°C for 30 minutes in vacuum 

5) Turn off power to heater and allowing film to cool in vacuum 

(See Figure 2.9 for heater cooling dynamics) 

A more aggressive method involves annealing a film in vacuum 

(reduction-II). The first two steps are done as in the quenched film but instead 

of turning off the power to the heater, an anneal at 550 °C for 4 hours is done 

in vacuum. Then the film is allowed to cool to room temperature in 

vacuum. This method was intended to further reduce the amount of oxygen 

content in the YBCO thin film. 

Quantifying oxygen content in YBCO thin films is difficult. Traditional 

methods like thermo-gravametrics cannot be applied because of the 
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superconducting film's small volume. Most groups have used Tc values in 

quantifying oxygen content (see Figure 1.2). However this assumes that their 

highest Tc films are fully oxygenated (5=0). Often films with Tc=88K are 

quoted having an oxygen content of 0 7 and the oxygen depletion of 

subsequent films are normalized to a chart similar to Figure 1.2 (Osquiguil, 

1992). 

In our work, Raman spectroscopy was used to measure the oxygen 

content of a fully oxygenated film, a reduction-I film, and a reduction-II film. 

These measurements were done by Dr. Christian Thomsen at the Technical 

University in Berlin. The resulting data indicates that the fully oxygenated 

film was 0(7±0.05), reduction-I film 0(6.25±0.1), and reduction-II 0(6.25±0.1). 

with larger errors for the lower oxygen content. Raman spectroscopy also 

verified that all three of these films were nicely c-axis oriented and no other 

orientation was present (Thomsen, 1989). 

http:0(7�0.05


46 

Chapter 3 
Characterization of YBa2 Cu307-8 

Thin Films 

3.1) Sample Characterization 

Careful characterization of YBCO films by as many means as possible is 

essential. High quality and reproducibility must be assured if any meaningful 

statements are to be made about the nature of the material. In this 

investigation, techniques such as transport measurements, Rutherford 

backscattering spectrometry (RBS), electron micro-probe analysis (EMPA), X-

ray diffraction, and scanning electron microscopy (SEM) have all been applied 

to characterize YBCO thin films. Other commonly used methods not 

available to us are surface resistance, scanning tunneling microscopy (STM), 

and transmission electron microscopy (TEM). There is some general 

consensus of certain characteristics that show high quality YBCO thin films. 

These are critical temperatures (T, from 88-92K), critical current densities (Jr) 

of 2-5 x106 A/cm2 at 77K and ambient field, and resistivities (p of 50-300 gi

cm at 100K). Different growth techniques yield different results. For example, 

co-evaporation tends to produce higher resistivity because of its faster growth 

rate compared to, say, molecular beam epitaxy (MBE). 
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3.2) Transport Measurements 

The hallmark of superconductivity is the existence of a transition 

temperature Tc, below which the resistance vanishes. Tc is usually 

determined by some form of measurement like resistance or susceptibility 

versus temperature. Many definitions are used for Tc; in this work we define 

Tc as the temperature where resistance is falls below 10 ma 

Resistivity in a metal is the manifestation of current carriers scattering 

off phonons, lattice imperfections, and impurities. Thus, a well ordered pure 

structure has a lower resistivity than a polycrystalline one because of the lack 

of impurities and lattice defect scattering. Resistivity is a material property 

independent of geometry and yields a better comparison between films than 

resistance, which is usually measured. The resistivity is calculated from: 

RI 
P= (3.1)

/ 

where R is the resistance, A is the area of the material, and 1 is the length of a 

specially patterned bridge (see Figure 3.3). 

A four-terminal measurement is used to determine resistances in 

YBCO thin films. By applying a constant current into two outer contacts and 

measuring the voltage across the inner two, a resistance is calculated via 

Ohm's law: 

VR=7 (3.2) 
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The advantage of a four-terminal measurement is that it gives the film 

resistance independent of the lead and contact resistance. 

AC susceptibility measurements exploit the diamagnetic property of 

high 7', superconductors and can be used to determine Tc. When a 

superconductor goes through its transition temperature, the magnetic flux 

begins to be excluded. This change in penetrating flux can be detected by 

either a coil or Hall probe placed near the material. Correlating this change 

with a temperature will give Tc. The advantage of this method is that the 

whole film contributes to the measurement whereas in resistivity 

measurements, a path of least resistance between two points is measured. 

One of the more attractive characteristics of YBCO thin films is their 

high critical current density. At 77K, current densities on the order of 106 

A / cm2 at ambient field can be easily realized. The reason that these thin 

films have such high jc's is due to their well defined crystalline orientation 

and relatively strong flux pinning mechanism. By measuring current-voltage 

isotherms or the magnetization, a critical current can be determined. Both 

methods give similar values. 

3.2.1) Probe Design 

Once a film has been taken out of the evaporator, a quick way of 

determining the T, is needed. A resistance probe has been constructed to 

perform this task. The probe itself is housed within a 1" diameter stainless 
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steel tube. The tube has been modified by machining an opening and welding 

on a tab to secure a measurement probe. 

The instrumentation used in this measurement consists of a current 

source and two voltmeters, linked via a computer interface. A Keith ley 220 

programmable dc current source supplies currents from 1 nA to 100mA. The 

voltmeter is a Keith ley 195A digital multimeter with a resolution in the RV 

range. The temperature is determined by a Tektronics digital multimeter 

measuring the four-terminal resistance of the platinum thermometer and the 

resistance value is input into a calibration function to get the temperature. 

An Apple MacintoshTM Quadra 800 with a GPIB interface is used to interface 

all these instruments together. The interface software is the graphical 

language LabVIEWTM version 2.5.1. 

Resistance measurements are done in a dewar filled with either liquid 

nitrogen or liquid helium as shown in Figure 3.1. The temperature gradient 

between the cryogenic liquid and room environment is exploited to vary the 

temperature of the probe. 
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Figure 3.1 Schematic of the system used in transport measurements. The Tc 
probe is inserted into a dewar filled with cryogenic liquid. The voltage
reading and current source is controlled by a computer and the data is
gathered and displayed in real time. 

Beryllium Cu 
Gold wireContacts w/ Ag paint 

Pt Pt 
thermometer thermometer 

Quick l-v, p-T
 
Contact Contact
 

Figure 3.2 Drawing of Tc probes used in transport measurements. 
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There are two probes - a quick contact probe and a k /p-Tc probe. Figure 

3.2 shows the two probes. The quick measurement probe is basically an 

etched printed circuit board with four conduction leads. Contacts connect the 

PC board to the film. The film and substrate rest upon a 0.5x0.5" copper block 

which houses a platinum thermometer to measure the temperature. The 

copper block serves as a heat sink for the YBCO thin film. The probe was 

designed to be modular so that other probe platforms could be used within 

the stainless steel housing. Also, a copper hood covering the entire probe 

prevents premature cooling of the thin film sample by splashing cryogenic 

coolant. 

Quick contacts to the film are made by sliding the film between 

beryllium copper contacts and the copper block. The pressure between the 

contacts and the film is provided by the springy tension of the beryllium 

copper. The contacts are checked by measuring the two-terminal resistance 

between contacts. Rather good contacts are reflected by the same resistance 

measurements across different contacts. A resistance of order 500 (for a 

200run film) between contacts is typical for good samples. Usually, for a quick 

way of determining Tc this method is sufficient. 

To measure Jc and p-Tc, the probe head isn't as cavalier as the one 

described above. In this case, contact resistance becomes an important factor 

in measuring I-V curves. High contact resistance results in heating when 

high currents are applied. Contacts to a patterned film are made by using 0.5



52 

p.m gold wire silver painted from the PC board contact pads onto the film and 

allowed to dry at room temperature. Contact resistances of less than an ohm 

are achieved with this method. 

The YBCO thin film is patterned into a bridge by a photolithographic 

process. The process begins with spinning photoresist (Shipley 1813) on the 

film at 6000 rpm for 10-15 seconds. A soft bake comes next in an oven at 

110°C for 30 minutes. Exposure of the bridge image onto the film is 

performed on a Canon FPA-120 imager/aligner using a reduction ratio of 2:1. 

Following the exposure of the image, the film is placed in a bath of developer 

(Shipley 353) for about 40 seconds. At this point an image of the bridge 

appears on the film and excess developer is rinsed off with de-ionized water. 

The film is then subjected to a hard bake in an oven set at 60°C for 20 

minutes. Etching the film is done in a solution of 1gm of EDTA to 200m1 of 

H2O. Etching time is between 2-10 minutes depending on the concentration 

of the etching solution. The patterned film is rinsed in de-ionized water and 

then acetone to remove the photoresist. Figure 3.3 shows a picture of the 

final dimensions of the patterned film. 
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480 p,m 

Film Thickness 
-1800-2000A 

7511 m 
Figure 3.3 Shows a drawing of a patterned YBCO film. The dimensions of the 
bridge are, length=480 pm, width=75 pm, and film thickness t ----1800-2000 A. 

3.2.2) Transport Results 

Figure 3.4 shows the transport results for an YBa2Cu307..8 thin film. 

The film's resistivity decreases linearly with decreasing temperature until the 

transition temperature (Tc =90.5K) where resistivity vanishes. The ratio of 

p(300K)/p(100K) =3, which is often quoted in literature as a demonstration of 

metallic behavior, is evident here by the extrapolation of the normal state 

resistivity to zero. The narrow transition temperature width (AT= 0.5K) 

shows that the film's oxygen content is uniform across the film. A large AT 

(anywhere from 6-10K) usually indicates a distribution of oxygen content 

within the film. The resistivity, 142 µS2 -cm at 100K is higher than PLD and 



400 

0 

54 

YBa2Cu307.8/M g 0 

d=185 nm 
1 1 1 1 1 1 1
500 11 11 1111
 

p(300K)/p(100K)= 3
 

p(100K)=142 1.112-cm
 
300
 

E 
200
 

100
 

0 

-100 ii iii I .i.i 1111 I, 111 Ii,,
 
0 50 100 150 200 250 300
 

T(K)
 

Y B a2C u307.8/M g 0
 

d=185 nm
 
200 I 1111 I 111111 I III
I I I I I I
 

AT=0.5 K
 
150 am. 4412
 

100
 

50
 T (p=0)=90.5 K
. c 

0 Altarlpanos~1111%100114
 

-50 1111 I 1111 I 1111 III I I 1111
 
80 85 90 95 100 105
 

T(K)
 

Figure 3.4 Resistivity versus temperature measurement of a YBa2Cu307..s to 
determine Tc and p. The film substrate and thickness is MgO and 200nm. For 
this film, Tc =90.5K and p=142 1.d1-cm @100K. 
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sputtered films (60-80 µS2 -cm) (Venketesan, 1988; Eom, 1989) but in co

evaporated films where the growth rates are much faster (8-25 A/s) 

(Berberich, 1988) higher resistivities are usually found. 

A corresponding T, measurement is determined through AC 

susceptibility measurements. Shown in Figure 3.5 is a plot of the real part of 

the susceptibility x. For this film, T, was 90.8K which is in good agreement 

with the p-T data for a similar film. 

x vs. T for YBa 2C u 30
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Figure 3.5 A temperature dependent zero field cooled (ZFC) AC susceptibility 
measurement of a YBa2Cu3074 thin film. The T, (onset) for this film is 90.8K. 
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Transport measurements for tetragonal films exhibit a semiconductive 

behavior. Figure 3.6 shows the normalized resistance of a YBCO film that has 

been annealed as describe for reduction I. 

YBa C11306.25
2

Reduction I 
5 

4 

3 

2 

1 

0 
50 100 150 200 250 300 

T (K) 

Figure 3.6 An R-T curve of a reduction I film. The film exhibits 
semiconductive behavior. The room temperature resistance is 500 O. 

The critical current density is determined by measuring current 

density-voltage (J-V) characteristics. Figure 3.7 is a J-V curve measured on a 

patterned YBCO film at 77K. The point where the J-V curve rises from the 

voltage noise level (11.1.V criterion) is defined as Jc. In this case, k = 3.4 x106 

A/cm2 in ambient field. 

http:C11306.25
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Figure 3.7 Shows the J-V characteristics of a patterned YBa2Cu307.8 thin film 
at 77K. The critical current density (Jc) is determined from the point where 
the voltage changes by 11.1.V out of the noise. In this case, k was measured to 
be 3 x106A/cm2. 

By measuring the magnetization curve at 77K, a value of lc =2.6 

x106A/cm2 was calculated. A detailed calculation of Jc by this method is in 

Appendix B. This value agrees with the h measured by the I-V curve. 
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Hysteresis curve of YBCO @77K 
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Figure 3.8 A magnetization loop of a YBCO thin film patterned into a 4mm 
disk at 77K. The width of the curve is related to the critical current density. 

3.3) X-ray Diffraction 

X-ray diffraction is a useful tool for probing the periodic structure of 

powders and thin films. In Figure 3.9, a drawing of a typical diffraction setup 

is illustrated. 
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Figure 3.9 A schematic of an x-ray diffraction setup. The detector is stepped 
through an angle of 20 while the x-ray source is stepped through 0. 

An incident beam of x-rays is scattered off planes of atoms and a detector picks 

up constructive and destructive interference of scattered x-rays at different 

angles. The condition for constructive interference is given by the Bragg law: 

2dhki sine =n2t, (3.3) 

where dhkl is the lattice spacing between parallel planes of atoms, X is the 

wavelength of the incident x-ray, 0 is the Bragg angle, and n is the number of 

the corresponding reflection. Here, the subscripts hkl refer to Miller indices. 
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Since reflected x-rays give information about the reciprocal lattice 

planes, we will discuss how the Bragg condition is satisfied. Let the incident 

x-ray have wave vector k and the reflected x-ray have wave vector k' . For 

fixed k, meaning a monochromatic collimated source, constructive reflections 

result when the difference between the incident and reflected wave vectors 

equal the reciprocal lattice vector i- hkl 

1-c-k = LIU (3.4) 

The crystal lattice vector f=n1d1+n2d2+n3ä3 is related to the reciprocal lattice 

vector ghk,=k1B,+k2 62+ k3133 by the following transformations: 

(3.5) 
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Figure 3.10 Diagrams the Laue condition where constructive interference 
only occurs when 1E' I equals to the reciprocal lattice vector. 

Equation (3.4) is known as the Laue condition and is found in all 

diffraction phenomena involving periodic structures. If the angle between k 

and Tc 'is 20 as shown in Figure 3.9, then the magnitude of the reciprocal 

lattice vector kkl can be written as the following. 

I ghki I = 2 ilk I sine (3.6) 

In this representation, the magnitude of ic and k' are equal, meaning the 

incident x-rays scatter off the atoms elastically. We can also write lima I in 

terms of dhkl by the following: 

2nn 
Ighkll d (3.7) 

h k 1 

Equating equations (3.6) to (3.7) and using the fact that ITcI= 2÷t we get the Bragg 

condition 2dhk1 sine =nk. 
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The system used is a Siemens X-ray Powder Diffracktometer model 

D5000. The KeVex detector, model (2005-212), has a resolution of < 26 eV at 15 

Rs and an area of 2 x 12 mm2. Data taken from this machine is in the form of 

counts versus 20 using x-rays from Cu Ka at 2t, = 0.1542 nm. 

Since this x-ray diffractometer is designed for powder samples, special 

thin film mounting adaptations had to be made to the sample holder. The 

YBCO thin film sample has to be flush and parallel to the sample holder for 

an optimal x-ray spectrum. Figure 3.11 shows a sketch of a sample holder. A 

popular binder is clay and the thin film sample can be pressed onto the clay 

base with a microscope slide. Amorphous clay should not contribute to the x-

ray spectrum, but anomalous peaks from crystallite structures within certain 

clays have been observed. Silly putty is used as a base in most of the x-ray data 

taken for these thin film samples and didn't contribute any peaks in to the 

spectra. Counts/sec versus 28 data were taken from 2 to 100° in steps of 0.02° 

for YBCO thin films. Figure 3.12 shows a typical YBCO thin film x-ray 

diffraction spectrum. Aside from the substrate peaks, only the (0,0,1) planes of 

the YBCO are present, meaning that the film is crystalline and oriented with 

the c-axis perpendicular to the substrate. Any other orientation of the YBCO 

structure would produce peaks from reflections from other than the (0,0,1) 

planes. As a comparison, Figure 3.13 shows a spectrum of a YBCO powder 

sample. Since the powder samples consist of all possible orientations, more 
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peaks are picked out by x-ray diffraction. The sensitivity of x-ray diffraction 

due to statistical uncertainties is such that impurity phases of less than 5% 

cannot be detected, so "phase pure" as determined by x-ray diffraction must be 

cautiously interpreted. This is especially true in the polycrystalline case of 

YBCO where second phase impurities were detected by NQR and PAC but x-

ray diffraction showed a phase pure sample (Fussel, 1993). 

To Diffractometer 

Sample 
Holder 

Thin Film 
Sample 

Silly Putty 

Top View 
of 

Sample Holder 

Figure 3.11 Method used to mount thin film samples into the x-ray 
diffractometer to insure that the crystal plane is parallel to the sample holder. 

For epitaxial YBCO thin films, the c-axis length can be calculated from 

Bragg's law. Usually one picks a peak at angles near 90° because the c-axis 

error at higher order peaks is minimized. The lattice constant c calculated 

from the (0,0,7) peak was 11.68 ±0.02A which is comparable to bulk values (see 
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Chapter 1). Usually, in co-thermal evaporated films, the c-axis length is 

expanded compared to other methods such as sputtering (Eom, 1989) and 

pulsed laser ablation (Venketesan, 1989). Typical c-axis lengths for co-thermal 

films are between 11.69-11.77A. There is also a correlation of c-axis length to 

Tc (Chew, 1990). The trend seems to be that the more expanded the c-axis, the 

lower the Te. which is related to the oxygen content in the film. 

Rocking curves on thin films show the degree of how much the c-axis 

deviates from being perpendicular to the substrate. This is termed c-axis 

straggle. With the source and detector angle at fixed on a 20 value, the film is 

rocked through a relatively intense peak. The step size is usually about 0.001°. 

Figure 3.14 shows a rocking curve of a (0,0,3) peak. The full width half 

maximum (FWHM) of this curve is about 0.08°. Most published c-axis YBCO 

thin film values of rocking curves range from 0.02-0.7° with the higher 

values coming from co-evaporation films (Matijasevic, 1991). 

A phi scan, where the source and detector are at fixed 20 corresponding 

to an intense reflection (013 in this case) and the sample is rotated about the 

surface normal, yields information about the twinning . Our films are 

twinned with roughly half the material having its a-axis perpendicular to the 

a-axis of the other half. A very small fraction of material has its a-axis at 

45°1135° to the rest (Bigelow, 1995). 
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In contrast to the orthorhombic structure, the tetragonal films show an 

elongated c-axis. Figure 3.15 is an x-ray spectrum of a tetragonal film. The 

film still shows c-axis orientation but the c-axis length is 11.87 ±0.02A which is 

longer than the orthorhombic case (c = 11.68 ±0.02A). 

3.4) Electron Microprobe Analysis 

Composition affects many characteristics of YBCO thin film 

superconductors. They include Tc, c-axis length, and film morphology 

(Baudenbacher, 1992; Matijasevic, 1991). Thermal co-evaporation has the 

advantage of providing control of the stoichiometry of the material during 

growth. Groups using the same method to deposit YBCO thin films have 

found that one can optimize the film characteristics by altering the film 

composition (Matijasevic, 1991; Chew, 1990). One way of determining film 

composition is to use electron microprobe analysis (EMPA) which uses a 

focused beam of electrons, usually about a' 11.tm in diameter, to probe a 

sample. The characteristic x-rays from the material are detected and 

measured to give a composition of the volume being probed. Figure 3.16 

shows a typical EMPA setup. 
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Figure 3.16 The interaction between the electron beam and the sample causes 
characteristic x-rays to be emitted. 

Usually in materials analysis, the x-ray lines of concern are Ka, Ko and La, 4. 

Within EMPA's energy window, these lines cover a wide range of elements 

with atomic number Z. Figure 3.17 shows a plot of x-ray energy versus atomic 

number. Depending on the detection system employed, either wavelength or 

energies are used to quantify the characteristic x-ray spectra. 

http:oillli-0.1g


71 

I . I I I . , . 
20 30 40 50 60 70 80 90 

ATOMIC NUMBER, Z 

Figure 3.17 Energy of the Ka, KR, La, Lo Ma, and Mo lines of the elements as a 
function of atomic number. (Feldman, 1986) 

The EMPA analysis of these YBCO thin films was done by Dr. Roger 

Nielsen of the OSU Oceanography Department. The analysis was done on 3 

to 6 different regions of the film and the results were normalized to a 

standard provided by a film made at the Technical University of Munich. In 

order to optimize the film composition, various YBCO thin films were made 

under different conditions and were analyzed by this technique. 

To quantify composition, a standard is needed. Quantitative analysis 

in EMPA is done by measuring a yield Yp of a given element at a certain 

wavelength k. The yield is then subtracted from the background yield Yb and 

a ratio K is calculated. K is defined as: 
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K YP Yb (3.8)
Y' Ysp b 

where Y; and Y: are the element and background yields for the standard 

respectively. A concentration of an element can then be determined from the 

following expression: 

C s (3.9)element = Celement * K 

where Cement and Clement are, respectively, the concentrations of a particular 

element and the standard. The concentrations of the element is computed 

from another characterization technique such as Rutherford backscattering 

spectrometry. Usually one is concerned only with relative ratios of 

concentrations. 

EMPA also determines the homogeneity of the film. Film composition 

(cation ratios) of the best films were found to be uniform within 5% across the 

film as can be seen by the data shown in Table 3.1. 
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Element 7/7 7/7 7/7 4/7 4/7 4/7 

ratio Probe 1 Probe 2 Probe 3 Probe 1 Probe 2 Probe 3 

Y/Y 1 1 1 1 1 1 

Ba/Y 2.08 2.18 1.92 2.20 2.10 2.05 

Cu/Y 2.91 2.87 2.83 3.90 3.70 3.92 

Table 3.1 A composition summary of two films analyzed by EMPA. Three 
probes on different areas were done for each film. Although film 4/7 shows a 
higher copper content than film 7/7, the T, of film 4/7 (90K) is much better 
than 7/7 (87K). 

3.5) Rutherford backscattering spectrometry 

Another technique that is widely used for quantitative analysis of 

composition, thickness, and depth profile of solid samples near the surface is 

Rutherford backscattering spectrometry (RBS). Recently, RBS has evolved 

from an unfamiliar nuclear technique to a important tool in materials 

analysis. In particular, thin solid films have reaped the benefits of RBS due to 

its ability to probe the entire film thickness. Our samples were analyzed at the 

4-MeV RBS facility at the University of Arizona by Professor L. C McIntyre. 

A sample is bombarded with a beam of helium nuclei (aparticles) 

with known energy (about 2-4 MeV). The backscattered a's are detected at a 
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fixed angle with an energy-sensitive detector and fed into a multichannel 

energy analyzer so that a counts versus energy is computed. Knowing the 

incident nuclei energy along with the energy and angle of the backscattered 

nuclei allows one to determine atom's mass involved in the collision. The 

RBS collision cross section, 

ziZ2e2 )2a(0) 
4E 

1 (3.10)
) sin (4 ) 

allows the direct determination of the elements in the film makeup (by peak 

position) and the relative ratios of the elements (by re-normalizing the 

relative peak heights with the cross-sections). This is the beauty of RBS. 

With the knowledge of scattering cross sections, an absolute measure of 

stoichiometry can be obtained. No standard is required as is in EMPA. Figure 

3.18 shows a schematic of a RBS system and electronics. 

Figure 3.19 is a RBS spectrum of a YBCO /MgO thin film grown in the 

high T , evaporator. The film stoichiometry in this film was 

Y0.97Ba1.71CU3.3207-8 with an error of ±0.01 in each element. Nuclei 

backscattered from the film near the substrate have less energy than 

backscattered nuclei near the surface. This fact is evident by the peaks widths 

in the spectrum. The leading edge energies comes from the a-particles 

scattered off the top layers and the trailing edge energies are a-particles that 

have gone all the way through the film and scattered back. Films with the 
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best Tc's and Jc's are often off-stoichiometric ones (Matijasevic 1991; Chew, 

1990). Deviations of 10% from the ideal value for either copper rich or 

barium deficient films showed the best values. 

Channeling of the RBS a-particle beam can be used to evaluate the 

crystallinity of thin films. Channeling is done by adjusting the sample such 

that the detector finds a minimum in the backscattered signal. This is 

interpreted as more of the nuclei being channeled through the crystal 

structure and interacting weakly with the atoms. Thus, fewer backscattered 

nuclei are measured by the detector. Figure 3.18 also shows a channeling 

yield for a YBCO thin film grown in this lab. Channeling yields are given as a 

percent of the random orientation with a lower number being better. Our 

films channel 30% in the middle of the film, and about 50% at the surface and 

the interface. Typical values published by other groups are anywhere from 2

13% (Jhans, 1991; Stritzker, 1990; Li, 1989) and depend on the thickness of the 

film (thicker films have a higher percentage). For this particular sample, 

there is a misalignment between the film and substrate, since the maximum 

channeling directions differ by 1°. This is probably due the substrate being 

miscut which is not uncommon in high T, substrates. 
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Figure 3.18 Schematic of an RBS system. The sample is bombarded by 
aparticles and the detector picks up energies of the backscattered a's. 
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3.6) Comparison of EMPA and RBS 

For an absolute measure of the stoichiometry, RBS has been adopted 

and used to calibrate the EMPA standards. Typically, there is a good 

correlation between RBS and EMPA for composition ratio of Ba/Y. However, 

EMPA yields higher Cu/Y values than RBS does, especially for larger values 

of Cu/Y >3. This trend can be seen can be seen in Figure 3.20. Copper with 

Z=29 is detected by its La and Lp lines, which are at the low energy end of the 

detectors capability. This higher copper yield from EMPA could be a problem 

of detector resolution. The advantage of EMPA is that it probes a small area 

of the film. Information about composition at different points on the film 

can be realized with this technique. 

Neither RBS nor EMPA can determine oxygen content unless extreme 

care is taken. EMPA's limitation is due to the fact that oxygen has Z=8 so that 

Ka and K13 emission is below the energy threshold of the detectors (refer to 

Figure 3.16). RBS cannot detect oxygen easily because of a small scattering 

cross section (only 1/49 of that of Ba) (Chu, 1993). The signal from 

backscattering of oxygen is too small to extract from the background of 

backscattered a's from heavier elements (Chu, 1993). Nevertheless, RBS has 

been used as a standard in calibrating the composition of the YBCO thin films 

grown in this lab while EMPA is used to complement RBS and determine 

homogeneity. 
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Figure 3.20 A comparison of results between EMPA and RBS. There is a 
linear relationship between EMPA and RBS for the Ba/Y ratio. However, 
EMPA exhibits a higher Cu/Y number compared to the RBS results. 
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3.7) Scanning Electron Microscopy 

Film morphology is of great importance for making multilayer devices. 

If YBCO thin films are to be implemented into any 

semiconductor/superconductor technology, the film surface must be smooth 

and defect free. Scanning electron microscopy (SEM) is an effective tool to 

evaluate surface morphology. The advantage of SEM over optical microscopy 

is its higher magnification, resolution, and depth of field. 

A schematic drawing of an SEM is shown in Figure 3.21. An electron 

beam is accelerated to energies of 500eV-40KeV and is focused to a small 

diameter by focusing anodes. The beam is directed onto the sample in a 

raster-scan pattern via a series of electromagnetic lenses. Electrons striking 

the sample surface cause high energy electrons, secondary electrons, Auger 

electrons, and x-rays to be emitted. For SEM only the secondary electrons are 

of importance. Secondary electron energies are in the range of 0-50 eV and 

are produced by inelastic collisions between the primary beam and the inner 

shell electrons of the sample. Because the low energy of the secondary 

electrons, they emanate from the surface of the material being studied. 

By rastering the sample with an electron beam, secondary electron 

current is picked up by a detector and converted into an intensity modulation 

in the z-axis. Contrast of the sample surface depends on the yield of emitted 

electrons. By measuring the variation of electron flux at the detector, a 

distinction can be made between different surface regions. Surface curvature 
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of a sample can be exploited to enhance contrast. Putting these two sets of 

information together, an image of the sample's surface appears on the 

monitor. 

External 
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Figure 3.21 Block schematic drawing of an electron optical column of an SEM. 
The electron beam is accelerated through an extraction electrode and focused 
by focusing anodes. Rastering of the collimated beam is achieved by a set of 
electromagnetic lenses. Secondary electrons from the sample are detected 
with the detector, quantified, and displayed on a monitor. 

Figure 3.22 is an SEM image of a 200 nm YBCO/SrTiO3 thin film. The 

electron beam energy used in this image was 30 KeV. A 1 gm bar near the 

image sets the length scale. Surface features present are about 0.5 gm but not 
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well defined by deep cracks or crevices. There is no presence of obvious 

surface defects. Other groups doing SEM studies on YBCO films grown by the 

same method have found that composition affects surface roughness 

(Baudenbacher, 1992). In their studies, a batch of films were grown with 

different stoichiometries and systematic SEM scan were done to characterize 

their surfaces. They found a relationship between surface morphology and 

stoichiometry. For example, many surface "boulders" with deep crevices 

appear on the surface of the YBCO thin film if it is copper rich. Conversely, 

the surface of an on-stoichiometry film is rather smooth and free of defects. 

3.8) Characterization summary of co-evaporated YBCO thin films 

The transport characterization numbers:Tc (89-90.5K), AT (0.5-1K ), Jc 

(2.2-4 x106 A/cm2), and p (142-220 µS2 cm) are close to the best published 

values for YBCO thin films. RBS film channeling (30%) and rocking curve 

values (0.08°) verified good crystallinity and a small c-axis straggle. X-ray 

diffraction data showed that the films were c-axis oriented and twinned and 

the morphology was determined to be rather smooth by SEM. 

The characterization presented here demonstrates that high quality 

YBCO thin films can be grown in an optimized co-evaporation system. High 

quality and reproducibility will be important when PAC is applied to study 

the YBCO thin film system as will be seen in Chapter 6. 

http:89-90.5K


83 

Figure 3.22 An SEM image of a 2000A YBCO thin film on SrTiO3 magnified 
30,000 times. The accelerating voltage is 20kV and a length scale of 1µm is 
shown. The film shows features smaller than There are no large 
defects present and an average grain size of less 0.5 gm can be surmised from 
this image which illustrates the smoothness of the surface. 
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Chapter 4
 
Implementation of a "Fourth Source"
 

to Deposit Hyperfine Probes
 

4.1) Problems Encountered in Performing PAC in YBCO 

In order to perform time-differential perturbed angular correlation 

spectroscopy on YBCO thin films, radioactive probes must be introduced into 

the crystal structure. Many methods such as diffusion and implantation of 

probes have been tried on films, single crystals, or even powder samples with 

varying degrees of success (Uhrmacher, 1990; Plank, 1988; Gardner, 1988). 

Diffusion of hyperfine probes into samples is done by having the ready-made 

material and the probe source solution in an enclosed casing. The casing is 

then heated up to temperatures of 930°C for 6 hours (Schwenker, 1990) in the 

hopes that the probe solution dissociates and the probe atoms diffuse into the 

material of interest. During ion implantation, probe atoms are ionized, then 

accelerated to the keV energy range, and implanted into the material of 

interest. Usually, there is damage induced by the implantation, so an anneal 

at elevated temperatures is required to heal the damage. In many cases, this is 

not successful. 
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Incorporating probes into the YBCO structure has been difficult 

because the most commonly used PAC probe, hilIn, favors impurity phases 

such as Y2BaCuO5 (Y211) or Y2Cu2O5 (Y202) (Schwenker, 1990; Fussel, 1993). 

This fact is evident from the resulting PAC spectrum of YBCO powder 

(Fussel, 1993). In the spectrum, a significant number of probes see these 

different electric field gradients. This results in a spectrum dominated by the 

impurity phase rather than the material of interest. 

Another problem is reproducibility. One sample preparation may vary 

drastically from another, yielding different fractions of probes for individual 

sites and frequencies. Because of the sensitivity of the PAC probe, one can 

conclude that the process of making these materials affects the quality of the 

PAC information. Thus, reproducibility and strict quality control of material 

is necessary in utilizing PAC as an effective tool. 

4.2) Design of a source for delivering niln into films 

We have taken a novel approach to introducing hyperfine probes into 

YBCO thin films (Tom, 1993). The technique, pioneered by Schatz's group in 

Konstanz, Germany (Platzer, 1991) has been adapted to incorporate 

lhiIn /iiiCd probes during the film's deposition process. The Konstanz group 

does PAC on oriented surfaces and the probes are evaporated onto the surface 

of the material of interest. 
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The high T, evaporator had to be modified by adding a fourth 

deposition source to deliver the indium probes. Modifications to the 

evaporator involved special considerations for radioactive material. The 

fourth source had to be shielded to minimize activity exposure to the 

operator, be efficient in delivering the niln, and not interfere with the other 

deposition process. 

Pyrolytic Boron Nitride Heater 

02 
inlet	 Substrate 

Shutter 

Quartz Monitor	 Cu foil 
Ta boat 

Hf shield 

\ /
Boats 

11-"tr-1 

Figure 4.1 Evaporator modified by adding a forth source to deliver 1111n. The 
indium gun is placed in an adjustable cradle in such a way as not to interfere 
with the other deposition processes. Aluminum foil lines both the shutter 
and the bottom of the top plate to catch any extra evaporated activity. 
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Tantalum Boat 

Copper foil 

Hafnium Shield 

Figure 4.2 The indium gun is a cannon-shaped tantalum boat which heats a 
thin copper foil with Hi In on its surface. Electrical insulation is provided by 
two concentric ceramic tubes. A 1-cm thick cylindrical hafnium shield 
surrounds the gun to attenuate the y-rays. 

A drawing of the indium source is shown in Figure 4.2. The indium 

gun consists of a custom-made, cannon-shaped, 0.08 mm thick tantalum 

evaporation boat, made by R. D. Mathis, heating a thin, copper foil which has 

indium on its surface. The whole evaporation gun is housed within two 

ceramic tubes to electrically insulate the leads and the whole system is placed 

inside a 1-cm-thick hafnium cylinder to provide y-ray shielding. With a 1 

mCi source inside of the indium gun, the shielding provides greater than 

90% attenuation. 

Figure 4.1 shows how the indium gun is oriented and placed in the 

existing evaporator. The indium gun is placed in an adjustable cradle that is 



88 

positioned as close to the substrate as possible but not so as to interfere with 

the deposition of the other materials. The distance between the substrate and 

the indium source is 7.5 cm. This increases the efficiency of deposition and 

also minimizes the contamination of the chamber. As a further precaution, 

the top plate is lined with aluminum foil to capture any extra indium. The 

foil is held in place with tiny cobalt magnets and there is a hole the size of the 

02 annulus cut into the foil to expose the deposition area. Deposited activity 

is confined to a 4 cm diameter about the hole opening on the aluminum foil. 

The indium gun is heated by a variac (10A, max.) stepped down by a 

20:1 transformer. A voltage of 53VAC from the variac is sufficient to 

evaporate indium from the cannon. Flexible 14 gauge stranded copper wire 

with spring clips at the ends are used to make the electrical connections to the 

indium gun. The stranded copper wire is insulated with ceramic beads and 

twisted to prevent induced noise in the quartz crystal rate monitors. This 

system allows for quick installation and removal of the indium gun, further 

reducing the time of exposure of the operator to the radioactivity. 

After a deposition, the aluminum foil is removed and disposed of 

properly and the indium gun is taken out and stored in an activity safe. At 

this point the chamber registers about 1 tiCi. 111In's half life is short enough 

(2.8 days) that the lining of the foil and the removal of the gun prevents 

radioactive buildup in the evaporator from numerous depositions. Another 
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deposition can be performed 4 days later for a fresh source with a starting 

activity of 1 mCi. 

4.2.1) Procedure for Activity Transfer 

Preparation of the 111In is done in a radiation preparatory laboratory. 

Figure 4.3 shows a schematic diagram of how the 111In is prepared. It arrives 

from Dupont as a solution of 111InC13. The solution is placed on a clean 

quartz chip and dried at 70°C. A clean quartz tube is sealed at one end with a 

hydrogen torch and the quartz chip with the 111InC13 dried on it along with 

an outgassed copper foil is placed inside. The copper foil (1 x 2 x 0.04 cm) is 

rolled up loosely. The tube is then evacuated and backfilled with H2 gas and 

sealed with a hydrogen torch. The encapsulated quartz tube is subjected to a 

temperature gradient of 700°C at the chip end and 300°C at the copper foil 

end. The 111InC13 dissociates, the chlorine combines with the hydrogen gas to 

form HC1, and the 111In transfers to the copper foil. A efficiency of 80% is 

achieved in such a transfer of activity. The efficiency of the transfer is 

measured by a forming a window about a centimeter wide with a couple of 

lead bricks, measuring the starting activity at a distance of 10 cm with a 

Geiger - Muller counter. After the transfer, the same window technique is 

used to measure the activity on the copper foil. The two numbers are 

compared and a percent efficiency is calculated. The whole process can take as 

little as 1.5 hours. 
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Figure 4.3 Diagram of the steps used in preparing the activity for evaporation. 
(1) Drops of 111InC13 solution are placed on a quartz chip. (2) The liquid is 
reduced at 70 °C. (3) Quartz chip and an outgassed copper foil are placed in a 
sealed quartz tube filled with H2 gas. A temperature gradient is induced to 
disassociate the 111In and Cl. The 111In migrates onto the Cu-foil while the 
HC1 is formed. (4) The Quartz tube is broken and the Cu-foil is placed in the
indium gun. 
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After the transfer, the quartz tube is broken, the copper foil is removed and 

placed inside the indium cannon, and transferred safely into the evaporator. 

Once the prepared indium gun in the film-prepared evaporator, the flexible 

electrical connections are clipped onto the tantalum boat leads, and the 

chamber is pumped down. 

4.2.2) Depositing Hyperfine Probes into YBCO Thin Film 

The deposition of the film is the same as outlined in Chapter 2. The 

only difference from a regular evaporation is that we evaporate niln probes 

into the film during deposition and that an edge oriented SrTiO3 substrate is 

used. These substrates have the (100) direction parallel to the edge as well as 

the (100) perpendicular to the surface. Once the desired substrate temperature 

is reached, 02 partial pressure established, and evaporation rates are stable, 

the shutter is opened. A film is grown for about 1.5 minutes. Then the 

voltage to the indium boat is slowly increased to 53VAC until evaporation of 

nun commences. Ramp up time for the indium boat is about 30 seconds. 

The activity coming out of the indium gun is monitored by a 

photomultiplier tube with a gamma scintillator detector outside of the 

evaporator. The detector is placed along the same plane as the substrate and 

about 28 cm away. As the activity evaporates from the indium gun, the 

gamma counter goes up indicating that him probes are being deposited into 

the film during growth. The length of time for activity deposition to take 
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place is usually a minute. Thus, within a 2000A film, about a 500A slice is 

where the probes reside. The efficiency of depositing probes into YBCO films 

is about 1% so about 1011 atoms are deposited into the YBCO thin film for a 

starting activity of 1 mCi. This is a very dilute amount of activity and doesn't 

affect the bulk properties of the thin film. Tc's, Jc's are unaffected and x-ray 

spectra of these films show no phases other than c-axis oriented YBa2Cu307-8. 

The temperature of the indium boat never exceeds the melting 

temperature of copper so copper is not deposited from the indium gun. Once 

all the probes are deposited from the indium gun, the current to the gun is 

turned off and the regular deposition of YBCO is allowed to continue until 

the desired thickness of 2000A is reached. 

This method has allowed us to perform PAC spectroscopy on YBCO 

thin films most effectively. The reproducibility is very high and no other 

phases encountered by other methods are present in our spectra. 

4.2.3) Growth of different structures 

PAC probes are sensitive to the local electronic structure of the 

material. If there is a change in electronic structure then the probe will give 

information about that particular system. Since we are able to deposit 111In 

probes during the growth process, we are able to explore different stages of the 

film growth process. By observing the phase space diagram in Figure 2.4, it 
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appears that the film is grown in the tetragonal phase and then slowly 

annealed into the orthorhombic phase where it is a superconductor. The 

film growth community has adopted this phase diagram for their own in-situ 

growth of YBCO thin films by various techniques. 

This thesis explores the orthorhombic and tetragonal structure of 

YBCO thin films using PAC spectroscopy. Orthorhombic material is 

produced with hliIn probes co-deposited, following the anneal path prescribed 

in section 2.3.3 of Chapter 2. Also described in the same section are the steps 

taken to grow tetragonal material. 

Steps have been taken to further reduce the oxygen content in the film 

by annealing in vacuum for a certain amount of time (reduction II). This 

process resulted in an unexpected, interesting new site that has never 

appeared before in PAC YBCO thin film work. Chapter 6 will discuss the data 

and interpretations of the results gathered by PAC. Also, discussions of how 

PAC can complement other characterization techniques will be addressed. 
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Chapter 5
 
The Theory of
 

Time Differential
 
Perturbed Angular Correlation
 

5.1) Introduction to Perturbed Angular Correlation 

Perturbed Ty-angular correlation spectroscopy (PAC) is a powerful 

method for studying the microscopic structure of materials like ceramics, 

semiconductors, and high temperature superconductors (Catchen, 1990; 

Wang, 1993; Wichert, 1992; Plank, 1988). PAC belongs to the same family of 

hyperfine-nuclear techniques as the MOssbauer effect (ME), nuclear 

quadrupole resonance (NQR), and nuclear magnetic resonance (NMR). 

PAC spectroscopy involves introducing radioactive probe atoms (in 

this case inin/111Cd) into the material of interest (oriented YBa2Cu307_8 in 

this study). In this system, the electric quadrupole moment of 111Cd in an 

excited state, interacting with the electric field gradient (efg) at the probe 

position, produces a site-specific signature in the Ty correlation' function, 

measured as the nucleus decays. In the YBCO system, the only interaction is 

the probe's quadrupole moment with the electric field gradient. The PAC 

spectrum yields information about the homogeneity of the probes' 

environments. These can be affected by structural changes, diffusion of 
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mobile species, temperature, and pressure. PAC is complementary to other 

techniques such as x-ray diffraction (XRD) and transmission electron 

microscopy (TEM), in that it gives not only structural information, but a 

microscopic understanding of atomic mobility. It can also be used to probe 

surfaces and interfaces (Klas, 1989). 

5.2) PAC compared to other spectroscopic techniques 

No one technique provides all the information needed for a complete 

understanding of a system; generally different techniques provide 

complementary information. Mossbauer spectroscopy is not effective at high 

temperatures because of the Debye-Waller factor. The Mossbauer intensities 

get smaller (no linewidth change) due to phonons dominating at higher 

temperatures. Most of the ME research has been done on doping impurities 

into the YBCO system (Materov, 1995). NQR is very useful in studying YBCO 

because two of its probe isotopes happen to be copper. The copper-oxygen 

chains in YBCO can be studied directly in the pure material without than 

introducing a foreign probe, since there is no question about the probe site 

location. Unfortunately, NQR requires a sample volume of about 1 cm3 to 

have a sufficient signal. This is not applicable to thin film samples where 

volumes are usually about 10-5 cm3. 

Compared to other hyperfine-nuclear techniques mentioned, PAC has 

a unique advantage because it gives the same signal efficiency at all 
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temperatures. Also, only 1010_1012111In probe atoms are needed, orders of 

magnitude less than other hyperfine techniques. Therefore, the probe atom is 

very dilute and doesn't affect overall bulk properties of the material. 

However, caution is in order. When introducing nuclear probes in material 

that doesn't contain the probe itself as a native element, the probes 

themselves become impurity centers. So the probes "see" not only the 

material of interest but also a system of both the material and the probe. 

5.3) Applications of -PAC theory to YBCO thin films 

Often applied to randomly oriented powders, PAC spectroscopy yields 

more information when applied to oriented materials like epitaxial films and 

single crystals (Klas 1989). Instead of just the strength and symmetry of the 

efg, the principal axis system of the efg can be determined. 

In order to understand the information PAC yields, one must 

understand the theory of the correlation function. Many doctoral theses have 

treated the theory of PAC in great detail (Wang, 1991). Here, a brief outline 

will be presented a based on Nuclear Condensed Matter Physics LSchatz, 1995). 

PAC uses the decay of a radioactive probe nucleus to relay information 

about the microscopic surroundings. The most common probe is 111In/Cd; its 

decay scheme is shown in Figure 5.1. 111In decays into 111Cd (excited state) via 
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electron capture and into 111Cd(ground state) by a two-gamma cascade with a 

well defined time interval in its intermediate state, t=85 ns (See Figure 5.1). 

The two gamma rays have energies 171 keV(71) and 245 keV(T2) respectively. 

Measuring coincidence and plotting the number of decays with a particular 

time between successive gammas would result in a exponential decay with a 

halflife of 85 ns. Upon closer examination of the curve, one can see time 

dependent "wiggles" superimposed. The wiggles arise from the perturbation 

of the angular distribution of the emitted photons by the transition within 

the intermediate state before 72 is emitted. Since the 111Cd intermediate state 

has spin I =5/2, it is 6-fold degenerate. The hyperfine interaction between the 

probe's nuclear moment and the magnetic field/electric field gradient in the 

lattice results in a hyperfine splitting of the intermediate nuclear level. 

1 1 11 +
9 / 2n4 9 

\ t 1 /2 =2.83 days100% EC

7/2+ 417 keV99.99% (120 ps) 

1/2 396 keV0.01% 1 (48.6 m) 

5/2+ 
(85 ns) 

11 ir,ai 
1 /2+ 8 4".11 

Figure 5.1 The decay schematic diagram of 111In to 111Cd 
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Consider a nuclear cascade I; - I If where the initial state 1I1,141) decays 

by emission of yi into the intermediate state II,M> which has a finite lifetime 

TN, and then into the final state IIf,Mf) by emission of '12. The probability that 

gamma 1 and 2 are emitted in directions into solid angles d.Q1 , dQ.2 is 

,t)d.Q d.Q2 where W(fiy 4-51,,,t) is the angular correlation function. 

Figure 5.2 Angles used for the definition of the two y-radiation directions 
pyi and py,. 

Using density matrix formalism, the angular correlation function can be
 

written as:
 

w(Py, ,P12 ,t)= (PT, ,OP(Py0)] = y, <m P(Pyi 1m) (m1 P (Py 0) 1m) (5.1)
 
rari 
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here, p(py,,t) and p(py2,0) are the density operators defined using the Wigner 3-j 

symbols (Schatz, 1995) 

I I lc,
21+1 +m 

<rniP(Py,O)iml >= E .-1, ) Aki m N 4n Yk 0140 (5.2) 
1k,N 

I I k2 
21+1 +rri N 

<MI P(13; 9°) > 7- 7 - E (-1) Ak ( )4-47r (0 ) (5.3)m -m N2 k2 2' 2k2,N 

Note that p(py,t) depends on time and can change. Also, because of the finite 

lifetime of the intermediate level, external field perturbations (magnetic and 

electric) can affect the angular correlation function. 

Using the corresponding sublevels in the intermediate state defined by 

ma, ma, (the quantum numbers immediately after the first emission) and mb, 

mb, (the quantum numbers immediately before the second emission) and by 

introducing the perturbation factor, G(t), we can write: 

Onlp(Pyi,t)lint>= E <mblP(Py,,o)Imb.)e,mb Ind G(t) Imams> (5.4) 
rnjilb 

,m,m
b 

where (mb mid G(t) Imams> = (mai A(t) Imb (mb.I A(t) Ima> (5.5) 

and p(py ,t) = A(t)p(py ,O)A+(t), where A(t) a exp(÷ Ht) is the time evolution 

operator. Equation (5.5) describes the population of the sublevels under a 
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perturbational influence. The precession of the probe nuclei alters the phase 

of the density matrix and at the same time the angular correlation function. 

By inserting equation (5.4) into equation (5.1), and using equations (5.2) and 

(5.3), we get the following: 

AkAk N N N N,* 
,Py = E Gkik 2(0 Irk' (01 41)Yk: (0242) (5.6) 

1
 _/(2k 
1 
+ i)(2k2+ 1)2 k1,k2,N1J42 1/
 2
 

I
 

where Ay Ak2 are the anisotropies of the angular correlation function and the 

perturbation factor GkN'kN22(t) is defined by the following: 

I I ki I I k2NN/ 214-m +m 

Gkik20= E (-1) "1/(2k1+1)(2k2+1 
I 2
 ma. ma N, Mb. Mb N2m,Ill,111b,211b. 

x (mb IA(t) ima ) (mai A(t) Imb.> 

Equation (5.6) is the general angular correlation function with the 

perturbation factor Gk 'k2(t) relaying the amplitudes and time dependence of 
I 2
 

the hyperfine interaction. This expression describes how the probe nucleus 

responds to a perturbation. If there were no perturbation present, then 

Equation (5.7) would be unity and only a decay curve of 85 ns would be 

measured. For a 111In/Cd (1=5/2) probe, the quadrupole splitting is shown in 

Figure 5.3. 
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+5/2 -5/2
 

Figure 5.3 The 111Cd's quadrupole splitting under the influence of an efg
perturbation. 

The perturbation function in Equation (5.7) is summed over all 

possible sublevel transitions. The angular momentum coupling between the 

emitted gammas is given in the Wigner 3-j symbols and gives the amplitude 

of the individual frequencies. The frequencies determine the strength of the 

efg and the amplitudes, the direction. 

This can be seen more clearly if one visualizes the nuclear moment of 

the probe rotating with a frequency defined by the strength and symmetry of 

the perturbation (semi-classical picture). In doing so, the rotation of the probe 

reorients the distribution of the sublevel population. So if a detector is placed 

at a fixed position from the sample, the detector would detect a varying 

number of gamma 2 events as the probe rotates under the influence of a 

perturbation. This is the origin of the "wiggles" superimposed onto the 85 ns 

decay curve. It is the frequencies of the "wiggles" that give direct information 

about the interaction and thus information about the strength of the efg. 
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In this work, PAC is applied to oriented YBCO thin films. The 

amplitudes, usually termed sk
N 

1,2, are related to how the efg is oriented with 
I 2 

respect to the detectors. Most PAC work is done on polycrystalline powder 

samples where all orientations of the efg are available to the detectors to 

sample resulting in a set of three frequencies from col, co2, and (03 (depending 

on the asymmetry of the efg) weighted with the appropriate amplitudes. 

With an oriented sample, the detector doesn't sample all possible orientations 

at once. By rotating the crystal in a PAC spectrometer, a rotation of the 

angular distribution of the y-radiation also occurs. This is reflected by the 

relative amplitudes of each frequency either being enhanced or suppressed, as 

will be seen clearly in Chapter 6 for the thin film YBCO. 

To get the orientation of the electric field gradient tensor with the 111Cd 

probe (terms up to k1 =k2=4 have to be taken in to account) substituted within 

a crystal lattice, the angular correlation function in Equation (5.6) can be 

written as 

W(13 ,P ,0 1 + G' (t) (5.8) 

with 

3 

G'(t)=s0+ E sacowono. (5.9) 
n= I 
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Here, the amplitudes sn in Equation (5.9) depend on the orientation of 

py, and py with respect to the quantization axis (z-axis) as shown in Figure 5.2, 

which is in turn determined by the efg orientation. These amplitudes weight 

the corresponding frequencies so that in a particular crystal orientation with 

respect to the detectors, the amplitudes are enhanced or suppressed. 

5.4) The Electric Quadrupole Interaction 

Now that we have established the angular correlation function and 

how it depends on the perturbation factor, we can describe the nature of the 

perturbation. In fully oxygenated YBCO material, the only interaction to 

consider is the interaction between the probes electric quadrupole moment 

and the local electric field gradient generated by the surrounding electric 

charges of the material. 

Consider the interaction energy of the nuclear charge distribution p(i) 

in an external potential OM . 

= f p(f)(13(f)d3r (5.10) 

where f p(i)d3r = Ze. (5.11) 

Expanding the potential (1)(10 in a Taylor series about r =0; 
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3 a 4) (a24)

off)- .00+E xu+-T E (5.12) 

a =1 `' " a ax ax0=1 a P o 

where xa, and xo are Cartesian coordinates. The energy then becomes: 

Eek.c. = EQ3) + E" ) + E(2) + . (5.13) 

with f p(Y)d3r (5.14) 

3 ao 
E('). E --j f p(f)xccd3r (5.15)

a X aa =1 

3 
a 4:1c0 

E(2)= (, f p(F)xcixod3r (5.16) 
co =, Xcel X ri 

Equation (5.14) can be written using equation (5.11) as E(0)= (130Ze which is the 

energy of a point charge distribution and contributes a constant offset to the 

total energy. We can neglect this term because it is not relevant to this 

discussion. Equation (5.15) is the energy of the interaction between the dipole 

moment and the electric field at the origin (E= 0). Since the quantum 

mechanical expectation value of the dipole moment is zero, this term doesn't 

contribute. This leaves only equation (5.16) which can be written as 

E(2)=-Ettbapf p(f)x.xpd3r (5.17) 

where (5.18) 
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Equation (5.18) is a 3x3 symmetric matrix which can be diagonalized by a 

2 2 2coordinate rotation into its principal axes. Using r2= x, + x2+ x3 and 

performing the transformation, equation (5.17)becomes: 

E(2)=1 EcDaafpx2d3r
2 

(5.19)
1 2 r2 3= Edo f p(f)r2d + 1 Eozlco f p(?)(xaT)d r6 act a 2 a ' 

We can now use the fact that the electrostatic potential O) obeys the Poisson 

equation. Applying this at the nucleus, we get: 

2 

(v20)0=Ecp.=L110)1 (5.20) 
a Eo 

1 1 2
1 

Iwhere eiv(0)1 is the charge density and v(0)1
2 

is the probability density of the 

electron wavefunction at the nucleus. Inserting equation (5.20) into (5.19), we 

get 

E(2)=Ec+EQ where, 

Ec= iv(0)12 f p(f)r2 d3r 
(5.21) 

2 

EQ4 E cbacif PC0(x2a-- 3 )d3r 
a 

Here, Ec is the monopole term and depends only on the mean square of the 

nuclear radius. 

pmr2d3r 
(5.22) 
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So in equation (5.21) the term Ec becomes: 

Ze2 121

Ec---110)1 (1.2) (5.23) 
66. 

Ec doesn't contribute to the energy splitting of the sublevels. The monopole 

term only shifts the energy levels and doesn't contribute to the PAC 

measurement. EQ in equation (5.21) is termed the electric quadrupole 

interaction. By writing 

i 
Q.= -; .1 P(7)(3x2c,--- r2)d3r (5.24) 

EQ can be written as: 

EQ =..Z E b, Q«« (5.25) 

We now define: 

Oca=Vaa+-1( V 2 
4:11)8= (5.26) 

The matrix Vaa defined here is traceless. Substituting (5.26) into (5.25) we get: 

EQ.----g-EV.A. (5.27) 

http:1.2)(5.23
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1 ,
The part of 3- ( V 0)8. doesn't contribute to EQ since the sum E Q... o. 

a 

Examining equation (5.27), Vaa is called the electric field gradient and only 

charges which are not localized at the nucleus contributes to Vaa. As an 

example of Vaa dynamics, consider a spherical charge distribution (s-

electron). In this case, the elements Vxx=Vyy=Vzz but since E V.= 0, all the 
a 

elements of the efg are zero and do not contribute to the energy EQ. 

The efg can be completely described by two parameters since E vaa= 0. 
a 

By carefully choosing the appropriate principal axis system, one should have 

1V2.1.1Vyy 1 z 1V..1. In practice, the largest component of efg is Vzz and the 

asymmetry parameter 1 defined as: 

Vyy Vxx 
71= V' (hil 1 (5.28) 

In order to calculate EQ, it is convenient to express the quadrupole 

moment and the efg in terms of spherical tensors, 

1 TT
V20=7, Vn (5.29a) 

"I' IC 

1 II 5 
V2 ii = ± (Vxx ± Vyx) (5.29b) 
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1 5 
V2 t2 = ± (Vxx Vyy ± 2iV),) (5.29c) 

If we carry out the principal axis transformation on equations (5.29), the cross 

terms cancel and become: 

1 5 
V20=7,-- Vzz (5.30a)

lt 
V2,1=0 (5.30b) 

1 5 1 11 5 
V2 t2 = (Vxx Vyy ) = TIV. (5.30c) 

Hence, the tensor representation of the electric quadrupole energy is given by: 

LIR 
(-1)qeQ2,1V2_q , with Qui= r2 

Y204 (5.31) 

Expressing equation (5.31) in a quantum formalism, the electric quadrupole 

energy becomes the expectation value of the quadrupole interaction and Q2ci 

becomes an operator operating on the nuclear states. 

47C 2 
EQ= <IMIHQ > = E Orn1 Q2q > v2,_q (5.32) 

q=-2 

For symmetries other than axial (ri#0), the matrix elements for HQ must be 

diagonalized and a numerical calculation for the eigenvalues as a function of 

ti must be done. Nevertheless, it is useful to look at the axial symmetry case 

to give a flavor for calculating energy levels. 
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5.5) Energy Calculation for the Axial Symmetry (i=0) 

Let us consider the case where the efg is axially symmetric, V=Vyy 

and i=0. Applying this symmetry to equation (5.31), we get the following: 

It 
EQ=<1m1H(211m>= 5- eVzz <11102011m> (5.32) 

( I 2 I )
with <11niQ2011m>=(-1)1-7m 0 in)<IIQ2II> (5.33) 

using the Wigner-Eckhart theorem. Also, by definition, Q is given by: 

TC ic I 2 I) 
Q=4 5- <II1Q20111>=4 <IIQ21i>. (5.34)I -I 0 I) 

So the energy EQ is obtained by substituting equations (5.31), (5.33), and (5.34) 

into equation (5.32) we get: 

( 1 2 1 ) 
1 (-.- m 0 m) 0n

EQ V2.( 1)1 1 2 I) ''` 
(5.35)(I1I 0 1) 

3m2 1(1+ 1) 
eQV41(21 1) 

The transition frequencies between sublevels m and m' are given by the 

energy differences in equation (5.35). This is represented in the following 

way: 
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EQ(M) EQ(int )= 
3eQV 1m2 

41(21 1) m I 

EQ(m) EQ(m' )= 3 1m2 m' 21 t, coQ (5.36) 

eQVa
where, o)(2 

41(21 1).h 

21. m,A nice artifact of equation (5.36) is that the term 1m2 m' m') is 

always an integer so all the transitions frequencies are integer multiples of the 

lowest transition frequency ofQ. These are the following: 

co;= 6e3Q for half integer nuclear spin 
(5.37)


K=ROQ for integer nuclear spin 

Substituting equation (5.36) into (5.7) and applying axial symmetry, the 

perturbation function becomes 

I I k, I k2 
Grk (0 .4(2k, + 1)(2k2+ 1) E(

2 mm m Nm mN ) 
(5.38)
 

exp( 3i 1m2 m' 2 1 ov) 

This can be written more clearly by defining 

( I I lc, )( I I k2) 
skNk=4(2k+ 1)(2k+ 1) E(m, NRin, (5.39) 

In,nf 

utilizing (5.35) so that 

k kNN
Gk k (0 =E Snr,11 2COS*0°Qt) 

I 2 
n 

(5.40) 
1m2 21 coQt)]where, cos(nofQ0= Re [ exp( 
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The results of (5.40) mean that the perturbation function rotates with 

frequencies e,2042,....,n. co; where each frequency is weighted by its 

k k k k kik2 
amplitude sINI 2,S2N1 ,9 snma.N 

eQV.
Often, the quadrupole coupling constant vQ is used because it 

has no angular momentum dependence. However, v() here is not directly 

related to o.N2 as defined in Equation (5.36), i.e., a2*27cvQ. 

The energies for each level in the 1=5/2 (111In/Cd) case are 

1 1EQ(m= ±T)=--3-eQV. 

3 , 1 _,Nti 
(5.41)EQ(In= ± T)=-205cv ' 

5 1EQ(m= ±T)=+4eQV. 

and the corresponding transition frequencies are 

EQ( ±4)EQ(±4-) 3eQV.-Uj 1 (13Q tl 201 6°)Q 
EQ( ± 4 ) EQ( ± 4- ) 6eQV. (5.42)0)2 120Qt 20 t 

9eQV. 
18coQm3=4331"")2 201, 

So the ratio of the transition frequencies is 1:2:3. 
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5.6) Energy Calculation for ri# 0 

Although it is difficult to calculate the angular correlation function for 

cases other than axial symmetry, one can still write down the matrix elements 

of the Hamiltonian for the general case. 

//min= t)(.0Q [3M2 RI 1)] 

//mini 1 = 0 (5.43) 

Hm.mi2= tl (004(I :FM 1)(I ± In+ 1)(i ± m+ 2) 

In the case where 1=5/2 (111TH), ) the Hamiltonian as a function of i is as 

, 
10 

0 

0 

2 
mill) 

0 

0 

3111 

0 

0 

0 

0 

HQ = tie)(2 
1 -fir) 

0 

0 

311j 
8 
0 

0 

8 
371.j 

0 

0 

T1,4/1-6

(5.44) 

0 0 arkri 0 -2 0 

0 0 0 i -riff 0 10
 

In order to get the energies, one has to diagonalize equation (5.44). The 

secular equation for this is 

E3-28E(1 12+ 3)0)(1)02 160(1-1-12)(tIcoc)3= 0 (5.45) 

The corresponding eigenvalues are 
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E(±4)=2octIo3Qcos(4-cos-1(3) 

E( ±22-)=-2oct, avos[3 (7c+cos-1(3)1 

E( ± 22- ) = 2a, t avos [4- (7c cos-1(3)1 (5.46) 

a=4 328 012+3) 80(1n2)
where, 

a3 

Using (5.46), the PAC frequencies con are just the energy differences between 

levels. 

1E3/2- E112 I 
I 1

(01 = occoQsin(-5- cos (3) 

1E512 E3/21 
(1)2- - 2,,,5-acoQsin[÷ (1c cos -'13)] 

(5.47) 

co3 IE5121,21 2.4-i-ccovin[(ic+cos-1(3)] 

where co3= MI + (02 

For i=0, the ratio of col:0)2:0)3 is 1:2:3 which is what is expected. For a given 

value of ij, the PAC energy eigenvalues and frequencies can be calculated. 

Figure 5.4 shows a graph of the eigenvalues and PAC frequencies as a 

function of rj for 1=5/2. 

As mentioned before, the orientation dependence comes about 

through the amplitudes of each individual frequency. From this, one 

deduces the direction of Vzz with respect to the crystal axes and from the 

asymmetry parameter 11, the symmetry of the efg. However, in practice, it is 

time consuming to fit the data without the aid of a computer. Data in the 

form of a counting rate ratio is fitted to an experimental function to give the 
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25 

frequencies and fractions. The amplitudes are calculated in the lab system. 

More will be mentioned in Chapter 6 about the fitting routine used here. 

20 

a .......".
to 15 

cr W2 
Gtr
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E(±512) 
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E(4-3/2) 

E( ±1/2) 

02 04 06 0811 

Figure 5.4 A plot of PAC frequencies and eigenvalues as a function of ri 
(05.n.1) for 1=5/2. 

-10 
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Chapter 6
 
PAC Spectra of YBCO Thin Films
 

and Interpretation
 

6.1) Experimental PAC Arrangement 

Shown in Figure 6.1 is a schematic of a PAC spectrometer setup. The 

spectrometer consists of four BaF2 scintillation detectors(At = 700ps for 511 

keV 7-rays) in a plane at 90° angular separation. Events in which the first 

gamma ray enters one detector and the second one enters another are 

collected in a histogram as a function of time between gamma-ray emissions. 

This counting rate ratio can be expressed as 

2 (1/N13(180° ,t)N24(180° ,t)
R(t) 1 (6.1)

3 N14(90 ° ,ON23(90 ° ,t) 

where Nib is the differential coincidence count rate for each detector at time t. 

Here t is the time difference between emitted 71 and 72. A number of theses 

go into more detail about the PAC spectrometer, time coincidence electronics, 

and computer interfacing involved in gathering data (Fussel, 1993). The 

important thing to keep in mind is that in time differential PAC, only the 

time difference is measured between successive gamma rays. 
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The data gathered by the computer are displayed as a counting rate ratio 

R( t) versus time. To bring out the frequencies, a Fourier transform is 

performed on 

11 Cd (EC ; Half LIfe=2.8 days) 

1 icd(mo '44 t ;i Cdont) 1-1 ..cao.$) 

±5/2 
CO2 

(03ivBaF Detector 
±3/2

tot 
1
 

±1 / 2El les 

Measures time7between 

R(t) 

time FT 

Figure 6.1 Experimental PAC setup used to analyze YBCO thin film samples. 
Four BaF2 detectors are placed in a plane at 90° angular separation and the 
sample is place at the center. A counting rate ratio of events is gathered from 
the detectors by the electronics and the frequencies are brought out by Fourier 
transform. 

R(t) and displayed on the computer. However, all data analysis is performed 

in the time domain. 
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6.2) Experimental PAC Data Fitting 

The counting rate ratio is related to the correlation function in the 

following manner. The differential coincidence count rate N1 can be written 

as 

Nii(0,0=Noexp(--t )W(0,0 + B (6.2) 
TN 

where B is the time-independent background count rate (often subtracted 

from the data) and W(0,0 is the angular correlation function. Since we are 

only concerned with the 111In/Cd probe, we need to consider terms up to k=4. 

However, in practice these terms greater than 2 are small so only terms up to 

k=2 are considered. Using Equation (5.8) and (6.2), we can rewrite Equation 6.1 

as the following: 

2 [ [1 + A22G22(t)P2(0 = 180° )] [ 1 + A22G22(02(0 = 180 )1 1
R t ) 1( 

[ 1 + A22G 22 (OP °2 (0 = 90° )] [ 1 + A22G22(t)P°2(0 =90° )] 

with P°2(13)=4(3cos29 1) (6.3) 

R(t) = A22G22(t) 

The data are fitted to an experimental function of the form 

R(0= A22G22(t) (See Equation (6.3)) where A22 is the effective anisotropy, 

typically --0. 1 (for inin/Cd). G22(t)is the time perturbation function. If no efg 
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is present during the lifetime of the intermediate state (T112=85 ns), then 

G22(t) is unity. If there a static efg present then the experimental function 

becomes 

3 

R(t) = A22 (E f1 E S n(i)cos [0.) OW] exp( Loot) (6.2) 
i n=0 

where col, co2, and (03=01 +02 arise from the energy splitting of the 1=5/2 111Cd 

nuclear levels. Minor variations in the efg due to distant impurities and 

other defects are common and are well described by a small Lorentzian 

broadening, which appears as an exponential damping in the time domain. 

The amplitudes sa depend on the symmetry and the orientation of the efg 

relative to the detector system and can be calculated for a given geometry. If 

more than one site were occupied, the right hand side of Equation (6.2) would 

be multiplied by the appropriate fraction of probes at each site with E fi =1. 

6.3) Other PAC work on YBCO 

Although pure phase high quality powdered YBCO samples can be 

made from the point of view of x-ray diffraction and transport 

measurements, there exists a small percentage of second phase material such 

as Y2Ba1Cu105 (211) and Y2Cu2O5(202). From most PAC work, it would seem 

that 111In prefers the impurity phase of YBCO(211, 202) (Schwenker, 1990; 
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Fussel, 1993). A typical bulk YBCO PAC spectrum shows a high fraction of the 

impurity phases along with other sites. 

In early PAC YBCO work, sites were attributed to different probe 

locations within the YBCO structure based on point charge model calculations 

(Bartos, 1990; Uhrmacher, 1990). Of course, this supposition was based on the 

assumption that all probes were incorporated into the YBCO structure. After 

realizing such a calculation was hardly adequate to describe the complex 

electronic structure of YBCO, a different interpretation of the data had to be 

made. It was later found that the high fraction sites were from other phases 

(Schwenker, 1990; Fussel, 1993). 

Several groups have attempted PAC on YBCO by different methods. 

Most of these groups report difficulties in substituting 111In into YBCO and 

obtaining reproducible results. Methods of introducing probes include 

implantation, diffusion, and activity incorporation during formation of 

YBCO (Sol Gel) (Schwenker, 1990). Table 6.1 (a)-(c) gives a summary of 

methods used to introduce 111In probes. 

To date, most of the published PAC work on YBCO has been on 

powdered samples. Implantation of single crystal YBCO has been reported but 

there is no mention of the orientation dependence of the spectra (Uhrmacher, 

1990). There has been one report of 111In PAC in YBCO films (Plank, 1990). 

The authors diffused hliIn into a YBCO film at 742 °C in 1 mbar (0.75 torr) of 

oxygen, and annealed it at 457 °C in atm of oxygen for 20 hours. The resulting 
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spectrum is identical to that obtained from 111In:Y2Cu205 PAC spectroscopy. 

When PAC was first applied to YBCO, an array of interpretations existed. 

Table 6.2 shows a summary of early 111In:YBCO PAC results. From the results 

listed, one can see that early interpretations assumed a variety of probe 

locations within the YBCO structure and this led to misinformation. 

(a) Implantation	 Energy Mean depth Post-processing
 

Anneal in air @700°C
YBa2CU307-8 
to heal damage andsingle crystal 400keV 600A 

then @500 °C in 02 toand powder restore oxygen loss 

(b) Diffusion Temperature Pressure Time Cooling 

(1)YBa2Cu307_,5 
947 °C 105 Pa 15 hours <1°C/minpowder 

(c) Sol Gel Method	 Temperature Time Temp. rate 

880 °C 1 hour (2)YBa2Cu307-5 
930 °C 6 hours 1 °C/minpowder 500 °C 10 min. 5 °C/min 

Table 6.1 Summary of processing techniques used in 111In: YBCO PAC work. 
(a) Uhrmacher, (b) H. Plank, 1988 (c) Fussel, 1993. 
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Probe Site vc2 (MHz) 11 wi (Mrad/sec) reference 

Y-site 39(1) 0.3(1) 40(1) Plank, 1988 

Cul site 
tetragonal 

phase 
134(1) 0 126(1) 

Uhrmacher, 
1990 

Cul site 
orthorhombic 

phase 
143(1) 1 237(1) 

Uhrmacher, 
1990 

Ba site 139(1) 0.4(1) 152(1) Plank, 1988 

Cul site 
orthorhombic 

phase 
156(1) 1 259(1) 

Uhrmacher, 
1989 

Table 6.2 Summary of sites and relevant parameters of early 111In:YBCO PAC 
work. Many substitutional probe locations were proposed. Currently, only 
the Y-site interpretation was found to coincide with recent 111In:YBCO PAC 
work and the rest of these sites were not observed. 

Compound yQ(MHz) ri col (Mrad/s) Temp (°C) 

YBCO(123) (a)(b) 36.4 0.4 38.6 250 

YBCO(211) (b) 58.4 0.28 62 20 

YBCO(202) (a) 142 1 151 
400YBCO(202) (a) 244 1 259 

Table 6.3 Identification of different 111In PAC sites in YBCO powdered 
material. (a) Fussel, 1993, (b) Schwenker, 1990 



122 

Material fraction (Di 0)2 i 8 T ( °C) Reference 

Y203 0.51 138 276 0 10 * Uhrmacher,1989 

0.11 95 124 0.7 4 

0.38 50 100 0 48 

77.3 133 167 0.73 0.93 1200 Su, 1989 

22.7 148 292 0.02 0.2 

Cu2O 78 257 399 0.49 15 20 Biblioni, 1985 

22 145 173 0.79 4 

81 235 425 0.29 2 400 

19 139 167 0.78 4 

85 243 418 0.36 30 500 

15 160 162 0.98 22 

95 212 366 0.36 53 900 

5 114 146 0.7 4 

CuO 81 222 339 0.51 19 20 

19 117 169 0.57 5 

81 217 312 0.58 15 500 

19 119 151 0.72 3 

Table 6.4 A summary of lliln PAC done on other compounds that may 
contaminate YBCO. Fractions are allocated to each site, coi & co2 are the PAC 
frequencies, i is the asymmetry parameter, and 8 is the line-width in %. 
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Adding to the inconsistent interpretation, poor data reproducibililty and 

multiple sites caused many to consider that it was not YBCO(123) that they 

were seeing but an impurity phase of YBCO(123) (Bartos, 1990). 

Aiding in the identification of impurity phases, work by Schwenker 

(1990) and Fussel (1993) have studied the various chemical phases that occur 

in processing powder YBCO by the sol-gel method using inin/Cd PAC. A 

summary of impurity phases encountered and relevant PAC parameters is 

given in Table 6.3. 

111In PAC work on related compounds that may occur in YBCO 

processing has also been done. These include Y203, Cu2O, and CuO. Data sets 

such as these are useful in identifying any other phases that may occur in 

inIn/Cd PAC work on YBCO. Table 6.4 lists the relevant PAC data on these 

materials. 

In all of the 111In PAC work mentioned, there has been no report of a 

site attributed to In203. Although it is possible to form In203 under favorable 

thermodynamic conditions, we believe the temperatures and the 

concentrations used in studying YBCO are generally too low. 

In this 111In/Cd: YBCO thin film PAC investigation, only one site is 

observed and is consistent with the interpretation of 111In substituting for the 

yttrium site in YBCO(123) (Gardner, 1988; Plank, 1990; Schwenker, 1990; 

Fussel, 1993). There is no easy way to determine definitively where the 111In 
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probe resides in the YBCO structure. However, there is strong circumstantial 

evidence for a substitutional Y-site. 

First of all, chemical similarities exist between indium and yttrium 

atoms. Both indium and yttrium are 3+ valence and their ionic radii are 

nearly identical (ry3+ =0.89A, rin3+.0.91A) while Cu and Ba are 2-F valence and 

their radii are rou2+=0.69A and ri3.2+=1.35A (Fussel, 1993). However, it must be 

mentioned that many 3+ atoms such as Al, Ga, and Co go to the Cu(1) site. 

X-ray and transport studies on doping Yi_xMxBa2Cu307_6 with M=A1 

and In (Suryanarayanan, 1988) showed that the orthorhombic structure was 

preserved for indium doping values up to x=0.4. From this, it was concluded 

that the In substituted for yttrium in the YBCO structure. A study by Georg A. 

Weidilich (Weidilich, 1989) investigated doping YBa2Cu307_8 with indium up 

to the solubility limit of 3%. His findings agree with Suryanarayanan et. al. 

that below the solubility limit the orthorhombic structure is preserved. Near 

the solubility limit, impurities begin to form along with a phase identified as 

InBa2Cu30x. His conclusions support the hypothesis that below the solubility 

limit, indium substitutes for yttrium in YBa2Cu307_8. Further evidence 

comes from Mossbauer studies on GdBa2Cu307..8 (Worthman, 1989) where Gd 

was the probe. A similar asymmetry value (r1=0.42(3)) to the Y-site 111In: 

YBCO PAC work was found. A theoretical calculation based on a full-

potential linearized augmented-plane-wave method (FLAPW) by Jaejun et. 
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al. (jaejun, 1991) predicts that the efg points along the b-axis and an 

asymmetry value of 0.5 from the yttrium site. This agrees with what is 

measured in our PAC thin film work. 

6.4) Room Temperature PAC Spectra for Orthorhombic YBCO Thin Films 

Figures (6.2) shows two room temperature 111In/Cd PAC spectra 

obtained from two 200nm thin films of YBCO along with a spectrum of a 

powder sample at 250 °C (Schwenker, 1990). A fit to the PAC time spectra 

finds that 60% of the probes are located in the single site. The room 

temperature quadrupole frequency, vQ=39(2) MHz, and the asymmetry 

parameter i=0.5, are the same for both the films and the major site previously 

identified as the Y-site in powdered material (Plank, 1988; Schwenker, 1990; 

Fussel, 1993). The remaining 40% are subject to interactions with a broad 

range of frequencies. Some portion of the these may be incorporated into 

other sites in the unit cell, twin boundaries, grain boundaries, second phases, 

or amorphous material. About 3% must be incorporated into a well defined 

site to be detectable by PAC. 

The PAC spectra of the two films differ from that of the bulk, powdered 

material in that the orientation of the film is evident. The ratio of the peak 

amplitudes at co 1, co2, and co3 is as expected for each configuration. The 

suppression of the peak at co3 and the reduction in amplitude of the peak in 
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w1 in the films implies that the principal axis of the efg, Vzz, is directed 

between the detectors, i.e, along either the a or b axes (the film is twinned) for 

this geometry. The spectra from the films differ from each other in that the 

line-width is narrower for (6.2a) (10%) than for (6.2b) (13%), indicating that 

the probe's surroundings are more uniform in the former case. Cation 

disorder is possible in (6.2b). Annealing some films at 500°C in oxygen 

narrowed the line-width in the spectra by 2-3% and reduced the asymmetry 

parameter. The films may have been slightly oxygen deficient prior to 

annealing, so the uptake of oxygen improved the homogeneity (Tom, 1993). 

Line-widths for the orthorhombic thin films were 10% at best and 

never better. In comparison with the powder samples, the line-widths for the 

thin films are much narrower. One reason why the line-widths are never 

narrower than 10% could be the coexistence of grains with differing 

orthorhombicity. A four pole x-ray diffraction study on pulsed laser deposited 

films showed regions with varying a and b lattice constants (de Obaldia, 1994). 

This variation was correlated to film characteristics such as T c, lc, and 

resistivity with the larger variations having poorer numbers. 

What sets the thin film spectra apart from most powder spectra is that 

there is no evidence of any other signal from YBCO(211) or YBCO(202), the 

major impurity phase in bulk synthesis. PAC in high quality bulk sintered 

YBCO often yields spectra dominated by these impurity phase even if they are 

present in quantities undetectable by x-ray diffraction. This suggests that 
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indium preferentially diffuses into them at high processing temperature. The 

thin film synthesis takes place at much lower temperatures, so indium is 

certainly less mobile on the surface. In the absence of a detailed mechanism 

for film growth, it is difficult to determine whether if the indium 

preferentially migrates to the impurity phase as it does in the bulk. If it does, 

the films are phase pure; if not, then we give up sensitivity to impurities in 

exchange YBa2Cu3074 for information about YBCO. 

6.4.1) Comparison to other YBCO work 

To our knowledge, this is the only YBCO thin film work that identifies 

a single site without an impurity phase. As mentioned before, the other 

known attempt using PAC to study YBCO thin films resulted in an spectrum 

of the impurity phase YBCO(202). The only other comparison we have at our 

disposal is the information on powder samples (Fussel, 1993; Schwenker, 

1990; Gardner, 1988; Plank, 1988) and our data agrees with the interpretation 

of a Y-site substitution. Our room temperature vQ=39(2) MHz gives a value of 

eQV
Vzz= 0.162 x1017 V /cm2 using the relationship vQ where Q=0.83 barn

h 

(10-24 cm2= 1 barn). This, along with the asymmetry value of 1=0.5, agrees 

well with the powder values. In spite of the experimental agreement with 

the powder samples, theoretical calculations for the efg in the YBCO system 
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have been poor. Simple point charge models such as the one done by Fussel 

(1993) give values of Vzz=-0.27 x1010 V/cm2 and a 0.25 (from a lnm radius). 

In his simple calculation, he did not take into account the antishielding 

factors for individual atoms and this hardly describes what is measured in 

YBCO PAC work. 

A more sophisticated calculation done by Jaejun Yu using a FLAPW 

method predicts for the Y-site, Vzz=0.144 x1017 V /cm2, 0.43, and the efg 

points along the crystal b-axis. An earlier calculation of the efg from the Y-site 

using the same method (FLAPW) was done by C. Ambrosch-Draxl et al 

(Ambrosch-Draxl, 1989). Their result of Vzz=0.34 x1017 V/cm2 (efg along the t

axis) and an 71=0.9 differs considerably from the calculation done by Yu et al. 

http:Vzz=0.34
http:Vzz=-0.27
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Figure (6.2) (a)-(b) 111In/Cd PAC spectra of YBa2Cu307_8 thin films. The c-axis 
of the films is perpendicular to the detector plane, while the a and b axes 
point between the detectors in plane. (c) Spectrum of bulk, powdered YBCO. 
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The difference between the two calculations are the treatments of the Y 4p 

states where Ambrosch-Draxl et al run into and Yu et al avoids orthogonality 

problems. Our experimental results agree surprisingly well with Yu et al's 

result, and lend support to Jaejun's model of the electronic structure. 

6.5) Orientation Dependence of Orthorhombic YBCO Thin Films 

It is the orientation dependence of the spectra that allows one to 

determine the direction of the efg with respect to the crystal axes. The c-axis 

YBCO films are grown on (100) edge-oriented SrTiO3 substrates (010 and 001 

planes are parallel to the edge of the substrate) so that the a or b axes are either 

aligned parallel or perpendicular to the edge of the substrate (films are 

twinned). Knowing the crystal orientation of the film with respect to the 

detectors, a rotation can be done. In doing so, the efg tensor rotates along with 

the crystal rotation. Re-orientation of the efg changes the angular correlation 

functions with respect to the detectors. This is represented by an 

enhancement or suppression of amplitudes in the frequencies. By calculating 

the relative amplitude and fitting the amplitudes for different film 

orientation, a direction for the efg can be found. Figure 6.3 shows a plot 

generated by Dr. Roland Platzer of calculated amplitude of co's plotted against 

the measured amplitudes for different orientations. This calculation was 



131 

done assuming the film is completely c-axis oriented as confirmed by x-ray 

diffraction and Raman data, and 50% twinned. 

Amplitude 

SO
OC= S1 
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Figure 6.3 Plot of calculated amplitude and measured amplitude for different 
orientations. The amplitudes were calculated for a given efg direction. From 
the calculation, the amplitudes vary when orientation of the crystal changes 
and this is reflected in the spectra. The data and the theory agree for a given 
orientation demonstrating that the film, from a PAC point of view is highly 
c-axis oriented agreeing with the x-ray diffraction and Raman data. 
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6.6) Temperature Dependence of Orthorhombic YBCO Thin Films 

Investigation of the effects of temperature on orthorhombic YBCO thin 

films were performed, from -263 to 800 °C. Measurements for 20°C T5..800°C 

were done in a flowing 02 environment at atmospheric pressure. At 

temperatures from -263 °C to room temperature the FWHM of the line 

remained constant at 10%, indicating that the there were no dynamic effects 

such as oxygen motion or a varying efg. However, v(2 exhibited a strong 

temperature dependence and did increase when the sample was cooled which 

was probably due to structural contraction. With increasing temperature, 

from 20-800 °C, the value vc2 shifted to a lower value and the line-width did 

broaden slightly. The asymmetry value essentially remains constant (see 

Figure 6.4). Contrary to what is seen in bulk samples, the line-widths narrows 

with increasing temperature and is attributed to oxygenation of YBCO (Fussel, 

1993). 
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Figure 6.4 A temperature dependent plot of i from 10 to 773K. ri remains 
essentially constant with increasing temperature. Implying the symmetry
about Vzz is not strongly temperature dependent. 
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Figure 6.5 A plot of vQ versus temperature for a YBCO thin film and YBCO 
powder (Fussel, 1993). From -263 to 800 °C, the film data follows the powder 
data until it decomposes into YBCO(202) at T. 800°C. However up till the 
point of decomposition, the spectra can still be fitted consistently with an efg
along either the a or b axes, implying that the structure remains 
orthorhombic in flowing oxygen. 

In powder samples, a phase transition from orthorhombic to a 

tetragonal structure is observed. This is concluded from the fact that the plot 

of v(2 versus increasing temperature reveals an abrupt change at a "critical 

temperature". This "critical temperature" is 680 °C in flowing oxygen and 620 

°C in flowing air at atmospheric pressures (Fussel, 1993). Neutron diffraction 
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data also support this claim of an orthorhombic to tetragonal phase transition 

(Cava, 1990). In 1111n: PAC YBCO thin film work, the change in vQ for films 

can also be plotted alongside the PAC powder data and does follow the same 

trend up to 800 °C (see Figure 6.5). However, when the powder sample 

experiences an abrupt drop in vQ, the film data still remain linear until 800 °C. 

Unfortunately, higher temperatures (above 800 °C) could not be reached in 

thin films because they decompose into the YBCO(202) phase in flowing 

oxygen, as identified by Fussel (1993) (see Figure 6.6). Up to the 

decomposition temperature, the film's efg remains along either the a or b 

axes. This implies that oxygen does not diffuse out easily so that the 

orthorhombic structure is preserved at higher temperatures in YBCO thin 

films. This suggests that the orthorhombic to tetragonal phase transition does 

not occur in films (at atmospheric pressures and in flowing 02), contrary to 

what is found in YBCO powdered material. Hence, once in the orthorhombic 

phase, the film remains so. There could be a phase transition in vacuum on 

the sample or in flowing argon but this was not investigated in this study. 
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Figure 6.6 The decomposition of YBCO(123) film at high temperature. The 
decomposition of the YBCO(123) thin film begins at 700 °C until the fraction 
of YBCO(202) phase becomes significant at 800 °C while the fraction of 
YBCO(123) degrades. 



137 

6.7) Room Temperature PAC Spectra for Tetragonal YBCO Thin Films 

PAC tetragonal films were made by omitting the anneal process in 

oxygen. This procedure is outlined in Chapter 3. Like the orthorhombic case, 

there exists only one site with a fraction of 60% and the line-width is 2%. 

(However see section 6.9) There are two important differences from the 

orthorhombic case. First, in the same orientation with respect to the detectors 

as the orthorhombic film, col is enhanced instead of being suppressed which 

means that the major component of the efg is along the c-axis. Second, col is 

lower than the orthorhombic case. Figure 6.7 shows the comparison of the 

two films in two different orientations. 
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Figure 6.7 Spectra for two different orientations of a tetragonal ("T") and 
orthorhombic ("0") film. The two films differ not only in frequency but also 
in orientation dependence. 
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In the tetragonal case, vQ=20(1) MHz and ri=0.4(1) at room temperature. 

This larger value for the asymmetry parameter was not expected. For a 

tetragonal structure, Vxx and Vyy should be about the same or just slightly 

different yielding a value of 11=0 or 0.2 at most. The asymmetry value here is 

almost the same as in the orthorhombic case. This means that the symmetry 

about Vzz is not axially symmetric as one expects but cigar or lens shaped. 

There is no easy way to explain this oddity. From PAC data, the 

tetragonal line-widths are narrow (2%) and the single site indicates that 60% 

of the probes experience the same static efg. The only difference from the 

tetragonal to the orthorhombic (line-width of 10%) case is the oxygen content. 

Hence, the effect must be oxygen related. Perhaps local chain ordering of 

oxygen atoms may be the cause of such a large . Neutron diffraction 

measurement on the effects of room temperature anneals on tetragonal 

YBCO (0=6.26) powder samples (Shaked, 1995) showed that local ordering of 

Cu-0 chains occurs. Oxygen in the Cu-0 chains order locally, forming chain 

fragments causing regions with different orthorhombicity. If this was the case 

in PAC thin film work, then this may explain large ri value, but we only see 

one well-defined site which contradicts this model. Another possibility is 

that oxygen atoms are attracted to 111In/Cd impurity probe. This has been a 

possible model in PAC ceramics work such as cerium oxide were the probe 

atom attracts oxygen defects (Gardner, 1995). Perhaps all probe atoms are 
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attracting enough oxygen atoms in the Cu-0 chains to cause ri to be 0.4 while 

still allowing the efg to remain along the c-axis. 

We know from Raman spectroscopy that the reduction I and II films 

have an oxygen content of 6.25±0.1. This means that the films are not truly 

tetragonal but on an average, in a pseudo-tetragonal structure. An oxygen 

content of 6.25 would indicate that every fourth row of a Cu-0 chain is filled 

in the chain model (see Figure 6.8). 
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Figure 6.8 A diagram of how the oxygen chains would fill the Cu-0 planes for 
different oxygen content. For 0(6.25)- every fourth chain is filled with 
oxygen, 0(6.5)-every other chain is filled with oxygen , and 0(7.0)-every chain 
is filled with oxygen. 

If one distributes probes randomly into the structure (assume Y-site), the large 

Ti value could not be explained in the 0(6.25) case but in the 0(6.5) case this is 

plausible. In spite of this plausible model, the reduction I and II films are not 

superconducting. They exhibit semiconducting behavior and show no signs 

of a transition temperature. From the YBCO bulk system, 0(6.5) is 



141 

superconducting with a Te60 K and thus contradicts the idea that the films 

may be 0(6.5). Raman spectroscopy was the best method available in 

quantifying the oxygen content of these films. However, Raman measures an 

average oxygen content. In our microscopic picture, the probes may be 

experiencing a different electronic environment other than the models 

presented. We conclude, .merely, that the value of Ti=0.4 is rather puzzling. 

6.8) Dependence of Temperature on Pseudo-Tetragonal YBCO Thin Films 

Temperature dependence studies were done as in the orthorhombic 

case. Films were put into a PAC furnace under flowing oxygen and 

temperature stepped in 50 °C increments from room temperature to 500 °C. 

A waterfall plot of the Fourier transforms is shown in Figure 6.9. A phase 

transition from tetragonal to orthorhombic occurs between 200 and 250 °C. A 

plot of the fitted fractions is shown in Figure 6.10. The fractions were fitted 

assuming the frequency for each phase remains the same. A crossover in 

phase can be observed between 200-250 °C. To our knowledge, this is the first 

time an on-line observation has been made on oxygen-induced structural 

phase transition in a YBCO thin film. Moreover, this is the lowest 

temperature known for such a phase transition in YBCO thin films. 
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Figure 6.9 A waterfall plot of the Fourier transformed spectra for a pseudo-
tetragonal film annealed in flowing oxygen in 50 °C intervals. The film 
remains mostly tetragonal until the 200-250 °C range where a phase transition 
occurs and the film becomes an orthorhombic one. 
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Usual anneals for in-situ films are anywhere from 400-500 °C in an 

atmosphere of 02 (Ha, 1994). There was one report of a low temperature 

anneal (350-400 °C) of already superconducting YBCO thin films to increase 7', 

(Berkowitz, 1994). However, their method to further oxygenate YBCO thin 

films was done at higher temperatures than what we observed with PAC. 

From 250 °C on up to 500 °C, the uptake of oxygen continues until the 

film is in the orthorhombic phase (the line-widths narrow as the film 

oxygenates). Transport measurements also verify that the film is 

superconducting with a 7', = 87K and k =1.0 x105 A /cm2 (see Figure 6.12). The 

J, values are lower than for the films previously mentioned. This is due to 

the fact that the film wasn't processed under optimum conditions. Early 

films deposited by the ex-situ method had Ms on the order of 104-105 A /cm2 

(Broussard, 1989) so this wasn't surprising. Recall that k is a bulk quantity as 

discussed in characterization portion of chapter 3. 

After the tetragonal to orthorhombic phase transition, cooling under 

flowing oxygen doesn't fully reverse the process. To see if oxygen could be 

driven from a YBCO thin film, a tetragonal film was annealed in flowing 

oxygen at 500 °C to form a orthorhombic film. 
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Fraction vs. Temperature 
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Figure 6.10 Fraction of orthorhombic and tetragonal sites as a function of 
temperature. The fractions were fitted assuming the frequencies of each 
phase were known and fixed. The plot illustrates how the fraction for the 
tetragonal phase decreases while the orthorhombic fraction increases. The 
crossover region is in the vicinity of 200-250 °C and has larger error bars 
because of the broad line-widths. 
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Without any lapse in gas flow, oxygen was replaced by argon and a anneal was 

done at 500 °C. Figure 6.11 shows a the spectrum for this case. 
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Figure 6.11 A tetragonal film annealed first in flowing oxygen at 500 °C into 
the orthorhombic phase and then in argon at 500 °C. A cool down to room 
temperature in flowing argon resulted in a phase that appears to be a mixture 
of both tetragonal and orthorhombic. 
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The tetragonal film was annealed to the orthorhombic phase at 500 °C 

in flowing 02 which was then quickly replaced with flowing argon. The line-

widths broaden and upon cool down to room temperature. A fit to two 

fractions, one orthorhombic (33%) and one tetragonal (25%) can account for 

this. The structural phase transition is thus not totally reversible in flowing 

argon. Apparently, not all the oxygen can be depleted from the film once 

oxygenation takes place. This result supports the conjecture of a phase 

transition suppression in the orthorhombic case in flowing oxygen. 

6.9) High Frequency Site in the Tetragonal Phase 

When a film is quenched right after deposition, only the pseudo-

tetragonal site exists. However, when an anneal in vacuum is done for a 

quenched film a high frequency site emerges. Under reduction-I, there is a 

10% (60% fraction of the tetragonal site) fraction of this site (see Figure 6.9). 

With a longer anneal reduction-II, the fraction increases to 30% (30% of 

tetragonal site) (see Figure 6.12). The site has a room temperature vQ=133 

MHz, is axially symmetric (i1=0), and the main component of the efg does not 

point along any crystal axes (assuming the film is c-axis oriented for which 

there is ample evidence). 
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PAC YBCO thin film 
p vs T 
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Figure 6.12 (a) pT plot of a tetragonal film annealed in the PAC furnace. The 
Tc= 87K shows that oxygen does diffuse into the tetragonal phase to form a 
orthorhombic structure. (b) J, for this film is 1.0 x105 A /cm2 which is 
consistent with most "ex-situ" processes. 
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Figure 6.13 Tetragonal phase with new site under reduction II. Reduction II 
produces a higher fraction of the new site (30%) as opposed to reduction I 
(10%). The new site's line-width in both cases are very narrow (2%) and at 
room temperature vQ=133 MHz and Tr--0. From the orientation dependence, 
the efg for this site was not along any of the crystal axes (assuming c-axis
orientation for the film). 
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The high frequency site under reduction-I anneals away at about 100 °C 

in flowing oxygen and the resulting spectrum is an orthorhombic one (see 

Figure 6.9). Under reduction-II, the high frequency site also anneals away in 

flowing 02 (up to 500 °C) and the resulting orthorhombic phase is poor. 

Inhomogeneities can be seen with a visual inspection of the film. 

For a Y-substitutional site, any change in the crystal structure must 

occur symmetrically. Hence, the efg is expected to orient along one of the 

crystal axes. This high frequency site is counter-intuitive to this notion 

because the efg is not along the crystal axes. Furthermore, this site anneals 

away in flowing oxygen which seems to suggest that this must be oxygen 

related. 

An oxygen defect somewhere near the probe atom would be a good 

candidate such as an oxygen vacancy in the Cu02 plane. This site has been 

observed before in earlier powder work (Schwenker, 1990) at high 

temperatures. However, we see this site at room temperature and Raman 

spectroscopy didn't identify any impurity phase in the reduction films. 

Regardless, in the absence of supporting data by other techniques for 

identifying this site, one can only regard this interpretation as an educated 

guess. 



150 

6.10 Conclusion 

In closing, we are able to grow high quality YBCO thin films with the 

thermal co-evaporation technique. The films' characteristics are comparable 

to the best published values for YBCO thin films. A technique was developed 

to introduce hliIn probes into the films during deposition in order to perform 

PAC on the YBCO system. 

PAC spectroscopy allowed the investigation of different stages of 

growth. In the orthorhombic structure, the efg was found to point along 

either the a or b axes. There is no way to distinguish the two because the 

films are twinned. The room temperature quadrupole frequency vQ=39(2) 

MHz and the asymmetry value i=0.5 are consistent with the interpretation of 

a substitutional Y-site. Temperature dependent measurements in flowing 

oxygen showed that the orthorhombic to tetragonal phase transition does not 

occur in oxygen for films. The tetragonal structure was also investigated. In 

this case, the efg was found to point along the c-axis. The corresponding 

room temperature values are v Q=20(1) MHz and 1=0.4. The pseudo-

tetragonal phase of YBCO thin films has never been investigated before by 

PAC so this is the first investigation of this phase. There is no easy way to 

explain the large 1.10.4 value. Most of the reasoning presented could explain 

how such a value could arise. However, there is no conclusive way of 
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determining the mechanism involved that would result in such a large 

number for the asymmetry value. 

Temperature dependent measurements in flowing oxygen 

demonstrated that the tetragonal to orthorhombic phase transition occurs 

between 200-250 °C which is the lowest temperature known for such a phase 

change. Transport measurements verified that the films were 

superconducting with a Tc.87 K and a Jc=1.0 x105 A/ c m2. Subsequent 

annealing in vacuum of the as-deposited tetragonal films resulted in a high 

frequency site. This site has vc2=133 MHz and is axially symmetric (n=0). 

From the orientation dependence, the efg of the high frequency site does not 

point along any crystal axes. Annealing the sample in flowing oxygen results 

in the new site disappearing (reduction-I) and an orthorhombic structure 

forming. With further annealing (reduction II), the fraction of the new site 

increases to 30% and the subsequent anneal in flowing 02 resulted in the site 

disappearing. However, the resulting orthorhombic structure is of poor 

quality. 

Future PAC YBCO thin film investigations would include growing a-

axis films to identify the main axis of the efg (a or b). A temperature 

investigation of partial oxygen pressures on films may indicate whether the 

tetragonal to orthorhombic phase transition is reversible. An in-situ PAC 

experiment where a spectrometer is configured on top of the evaporator, will 

allow investigations of various growth dynamics. Also, further investigation 
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to identify the high frequency site would shed information on the effects of 

hard anneals on YBCO thin films. 
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Appendix A 

Film Parameter Check List 

High-Tc Evaporator - Rm 487 Film Name: 
Name: Dennis Tom 

Date: Time: 

Substrate: Deposition time: 

Y B a Cu 

Crystal (start/
 
finish %)
 

Boat W T a Mo 

Rate (A/s) 4.2 13.0 8.0 

P-I-D (default 
29s-1.6s-0.0s 26s-1.3s-0.0s 23s-1.6s-0.0s23s-1.5s-0.0s) 

Soak 1 (power 
(1)/0)/ramp 50/2:00/0:40 50/2:00/0:40 50/2:00/0:40

(m)/soak (m)) 

evap rate: end
 
rampl / end soak
 

1 

Soak 2 (power
 
("10)/ramp 80/1:00/0:15 80/1:00/0:15
 80/1:00/0:20(m)/soak (m)) 

http:23s-1.5s-0.0s
http:23s-1.6s-0.0s
http:26s-1.3s-0.0s
http:29s-1.6s-0.0s


162 

evap rate: end
 
ramp2 / end soak
 

2
 

Tooling (default 
100%) 100 100 100 

Density (default 
8.93 g/cc) 3.50 3.50 3.50 

Z-factor (default 
0.835/2.1/2.1) 0.835 2.1 2.1 

Current during 
evaporation (A) 

Primary Voltage 
(V) 

Final Thickness 

Base pressure (torr): =10-7 torr Pump-down time: =6 Hrs 

Heater (time and final temp): 650-670 °C 

Oxygen pressure (deposition): 25% of 50 sccm (lmtorr) 

Pressure during deposition: =5 x10-5 torr 

Anneal: See Chapter 2 Film Growth 

Comments: 

Figure A.1 A copy of the film check list used in growing YBCO thin films. 
This list has all the important parameters listed for growing YBCO thin films 
dicussed in this thesis. 
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Appendix B 

Calculation of k with a magnetization technique 

Measuring J, with an magnetization technique involves applying an 

AC field perpendicular to a disk-shaped film at a constant temperature. The 

magnetization is measured by a couple of Hall probe sensors and a hysteresis 

curve is generated. Given the field at a particular point along the z-axis and 

the width of the magnetization hysteresis curve, one can calculate the critical 

current density Jc. 

Consider a disk-shaped superconductor with concentric current loops. 

To calculate the field generated by one current loop, we can use the Biot 

Savart law. 

11, 0 licsxf 
(B.1)3 

47t r 

Solving for the magnetic field at any point along the z-axis, one gets an 

expression: 

goI r2
B(z) 3 (B.2) 

2(z2 + r2)7 
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For a disk, we integrate equation (B.2) for the loop from 0 to a (radius of the 

disk). The current can be rewritten as 1 =1 d dr, where J= current density, d= 

the thickness of the disk and dr= width of current loop. The integration 

yields: 

11.2 Jd [ (a+1,[7F z2 )1
B(z)= 2a +log (B.3)

a +z z 

Single current loop Integration of loop to radius a 

Figure B.1 Geometry of the superconducting loop and disk 

we can invert (B.3) to obtain current density as a function of a, z, d, and B(z). 

The field B(z) is measure by the Hall probes and it can be obtained from the 

following calibration expression: 

AV ( 1 )( 1 tesla )B(z) (B.4)
[ Ihp 1.1V 20 ) 104gauss ) 

50mA gauss 

where AV is the width of the hysteresis loop, and Ihp is the current that 

ddirves the Hall probe. 
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Hysteresis curve of YBC0077K 

-0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004 

HP2Volt,V 

Figure B.2 A hysteresis curve of YBCO film with thickness 1800A. The width 
of the curve is related to the critical current density. 

An ac field of 1.5 x10-3 T (peak to peak) at 98 Hz was applied. At 77K, 

B(z=0.5x10-3m)= 3.2x10-3 T, and with Ihp=33 mA, a= 2x10-3m, and d=1800x10

1om, the current density is J= 2.6x106 A/cm2. In the Bean model (Bean, 1962) 

this is the critical current Jc. This value agrees well with the one obtained 

from the I-V curves. 
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Appendix C
 

111In/Cd Probe Information
 

Parent half-life of 111In 2.83 days 

gamma 1- 171.28(8) keV 
Energies of cascade gamma-rays 

gamma 2- 245.42(7) keV 

A22=-0.18(2) 

A44=+0.002(1) 
Angular-corelation coefficients 

A24=-0.204(2) 

A42=-0.001(1) 

Intermediate nuclear state Half-life= 85.0(7) ns 

Electric quadrupole moment +0.83(13) barn 

Magnetic dipole moment -0.7656(25) gn 

Figure C.1 A list of the nuclear information for the 111In/Cd probe. 
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Appendix D
 

Shutter Schematics
 

Needle Solenoid 
Bearings 

A 

B 

Alnico 
Magnet 

li 
0 I 

Shutter 
Position D 
Indicator 

Cr 
S1 /T1 IC124VAC-12VDC D1 D2
 

I. 1 

Orr 
D B 

R2 R3
 

120VAC
 T T
C1 C2 0 4_ ±

60 Hz -
R1 iCS2
 

B D ,A 

C1=-C2= 1000
 µf
 

R1= 1K
 

R2=R3= 3K
 

IC1= LM317
 

D1= LED RED
 

D2= LED Green
 

© Dennis Tom 1991 

Figure D.1 Schematic of the shutter assembly and the power supply. 
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The shutter assembly rotates about an axle suspended by a set of needle 

bearings. The electro-magnetic shutter operates by changing the direction of 

field of the solenoids and thus imparting a force on the Alnico magnet. The 

current is supplied by a DC power supply which can switch the direction of 

current by reversing the polarity of the current via a single-pull double throw 

switch. Feed-back of whether the shutter is opened or closed is achieved by 

two LEDS connected to contact post. When the shutter touches either one of 

these post, it completes the circuit causing the either LED to light. Switch S1 

activates the power for the system, enabling the shutter to open or close. 



169 

Appendix E
 

QUARTZ RATE MONITOR THICKNESS EQUATION
 

The equation that determines thickness is give by the following expression; 

Fq F,T arctan(Z tan[n( )])
FTcD,ZF'c 

Where	 T= film thickness in Angstroms 

Nq= Freq. Constant for AT cut crystal, 1.668x1013 Hz Ang 

Dq=Density of quartz, 2.648 gm/cm3 

TC= the constant Pi, 3.14159265358979324 

Df= Density of film material in gm/cm3 

D U 
Z= Z-factor of material, ratio of [ q F/2. 

f v./ f 

(Uq and Uf are the shear moduli of the quartz crystal
 

and the thin film, respectively)
 

Fq= Frequency of crystal sensor prior to deposition.
 

Fc= Frequency of loaded crystal sensor. 




